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ABSTRACT 


The feasibility of applying conventional hot forming and welding methods to 
high-temperature aluminum alloy, Al-8Fe- 1V-2S1 (FVS812), for structural 
applications and the effect of thermal exposure on mechanical properties were 
determined. FVS812 (AA8009) sheet exhibited good hot forming and resistance 
welding characteristics. It was brake formed to 90° bends (0.5T bend radius) at 
temperatures >390°C (730°F), thus indicating the feasibility of fabricating basic 
shapes, such as angles and zees. Hot forming of simple contoured-flanged parts was 
demonstrated. Resistance spot welds with good static and fatigue strength at room 
and elevated temperatures were readily produced. Extended vacuum degassing 
during billet fabrication reduced porosity in fusion and resistance welds. However, 
electron beam welding was not possible because of extreme degassing during 
welding, and gas-tungsten-arc welds were not acceptable because of severely 
degraded mechanical properties. The FVS812 alloy exhibited excellent high- 
temperature strength stability after thermal exposures up to 315°C (600°F) for 
1000 h. Extended billet degassing appeared to generally improve tensile ductility, 
fatigue strength, and notch toughness. But the effects of billet degassing and 
thermal exposure on properties need to be further clarified. The manufacture of zee- 
stiffened, riveted, and resistance-spot-welded compression panels was 
demonstrated. 
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1. INTRODUCTION 


The newly emerging dispersion-strengthened, high temperature aluminum (HTA) 
alloys have great potential for application to the development of advanced aerospace ve- 
hicles (1. 2, 3. 4, 5). Although conventional aluminum alloys have excellent strength-to- 
weight ratios, they are restricted to a maximum service temperature of less than 180°C 
(356°F) because of limited thermal stability. The Al-Fe-V-Si alloys derive their strength 
from the interaction of dislocations and an intermetallic dispersoid strengthening phase 
formed during rapid solidification, and are thermally stable up to approximately 400°C 
(752°F). Combined with compatible, low cost forming and joining fabrication methods. HTA 
alloys could double the useful temperature range of conventional aluminum alloys and. 
given their low density, could compete with titanium alloys for advanced design applica- 
tions up to 150-300°C (300 to 600°F). However, since these alloys are susceptible to 
dispersoid coarsening during exposure to temperatures > 500°C (930°F), the choice of 
fabrication method will be dictated by its effect on dispersoid stability. Thus, the effect of 
thermal exposure on dispersoid stability and mechanical properties are critical Issues. 

The overall objective of this research was to evaluate the feasibility of applying 
advanced and conventional forming and Joining methods to rapidly solidified, dispersion- 
strengthened Al-Fe-V-Si alloys for elevated temperature applications. Previously, it was 
demonstrated that these alloys could not be superplastically formed and that diffusion 
bonding was possible only at temperatures > 600°C (11 12°F), where rapid dispersoid coars- 
ening led to degraded mechanical properties (6). A summary of that work is presented in 
the Background Section of this report. The objective of the current work was to evaluate 
conventional hot forming and welding methods for application to the Al-Fe-V-Si alloy sys- 
tem. The FVS8 12 alloy, Al-8Fe- 1V-2S1 (AA8009) was selected for this purpose. This work 
establishes basic forming and joining parameters, determines their effects on mechanical 
behavior, and determines the effect of thermal exposure on material behavior. 
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2. PROGRAM PLAN 


2.1 ALLOT SELECTION 

The Allied FVS812 (AA8009) alloy, with 27 % volume fraction of dispersoids. was 
selected for the mechanical property, forming, and welding studies in this work. It is the 
most developed alloy within the Al-Fe-V-Si system and represents an excellent combination 
of strength, ductility, stiffness and toughness. The alloy was fabricated using the rapid 
solidification approach developed at Allied-Signal. Fabrication included vacuum hot- 
degassing, extrusion, and hot rolling into sheet. Two conditions representing different 
levels of degassing were produced and the effect of time and temperature on degassing were 
determined. 

2.2 MECHANICAL PROPERTIES 

Mechanical property baseline data for FVS812 (AA8009) sheet were determined 
using conventional tests at selected temperatures and times. Material was subjected to 
various thermal exposure conditions before and during testing which Included: uniaxial 
tension and compression, baseline stress-life (S-N) fatigue behavior, and Kahn notch tough- 
ness. The effect of vacuum degassing, strain rate, and welding were evaluated. Thermal 
exposure Included 100 and 1000 h at 200 C (400 F) and 315 C (600 F). 

2.3 FORMING 

Since the high strength and relatively low ductility of FVS 812 (AA8009) seri- 
ously limits cold formabllity, hot forming studies were conducted at temperatures up to 
500°C (930°F). Forming conditions to establish processing parameters for fabricating 
simple shapes, such as angles, zees and channels, were identified by conducting bend tests 
at room and elevated temperatures to determine minimum bend radii and springback 
characteristics. The ability to hot form complex parts was explored. The effect of moderate 
temperature forming cycles on dlspersoid stability and final mechanical properties was 
determined by mlcrostructural observation and mechanical testing. 

2.4 JOINING 

The weldability of Al-Fe-V-Si alloys depends on gas evolution and dlspersoid 
stability during welding. Therefore, the effect of contaminants on welding behavior was 
investigated for two billet degas conditions, representing standard and extended vacuum 
degassing treatments. The effect of weld thermal exposure on coarsening or melting of the 
strengthening dispersoids during welding was determined for electron beam (EB) welding, 
gas-tungsten-arc (GTA) and resistance spot welding (RSW). Resistance spot welding is of 
interest for non-fatigue critical applications for the Advanced Launch System and High 
Speed Civilian Transport programs. This work explored the weldability of FVS812 (AA8009) 
and established baseline Joint design parameters. The extent of property degradation as a 
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result of such temperature exposures was characterized. 


2.5 COMPONENT DEMONSTRATION 

The fabrication of two zee-stiffened FVS812 alloy compression panels (one riveted 
and the other resistance spotwelded) was demonstrated. These panels, along with a 
baseline 2024 aluminum alloy panel, will be tested at room temperature at NASA LaRC. 
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3. BACKGROUND 


This section of work (under Contract NAS 1-18533) was performed during the 
period from November 1987 to March 1989 at the Grumman Corporate Research Center. 
Bethpage, NY and the Allied-Signal Corporate Technology Center. Morristown, NJ ( 6 ). The 
objective was to Investigate the SPF and DB behavior of the Al-Fe-V-Si alloy system and to 
evaluate the effect of such processing on microstructure and mechanical properties. The 
effects of dlspersold volume fraction, dlspersoid size, elevated temperature exposure, defor- 
mation rate, and bonding pressure were evaluated. Significant results and conclusions of 
that work are summarized below. 

Alloy de sign ations and dlspersoid volume fractions are as follows: FVS301 ( 8 %), 
FVS611 (16%), FVS812 (27%), FVS1212 (36%). 

3.1 ALLOY AND MICROSTRUCTURE 

The Al-Fe-V-Si system of dispersion-strengthened alloys derive their strength from 
the Interaction of Insoluble particles and dislocations and are based on the formation of 
ternary and/or quaternary intermetallics with a symmetrical lattice (7 , 8 , 9, 10). The inter- 
metallic dlspersoid phase that strengthens the Al-Fe-V-Si alloys has a general composition 
close to Ali 3 (Fe.V) 3 Si (1 1) and has significantly more thermal stability than the precipitates 
found In conventional age-hardening aluminum alloys. 

Typically, the ultra-fine grain size systematically decreased with increasing dis- 
persoid volume fraction. Grain size ranged from 1.25 pm for alley FVS301 to about 0.3 pm 
for FVS1212. After hot rolling, grain size was not significantly different from that of the 
extrusion, suggesting that the dlspersoids were very effective at pinning grain boundaries. 
The dlspersoids consisted of fine AI 13 (Fe.V) 3 Si particles. In the as-extruded condition, the 
dlspersoids were under 50 nm and size-independent of volume fraction. In the higher 
volume fraction alloys, the dlspersoids tended to be positioned at grain and/ or subgrain 
boundaries. In the sheet condition, dlspersoid size Increased due to rolling, most notably in 
low dlspersoid volume fraction alloys. An Increase In dlspersoid size will ultimately reduce 
mechanical strength due to reduced dislocation Interaction. In general, the maximum 
dlspersoid size achieved after rolling was approximately less than 100 nm. 

3.2 MECHANICAL PROPERTIES 

In the extruded alloys, tensile strength Increased and ductility decreased with 
Increasing dls persold content. A minimum In elongation at intermediate temperatures 
(150°C (302°F)) Is attributed to solute drag(l 1). In sheet form, room temperature tensile 
strength decreased with rolling temperature and Increased with dlspersoid content, as 
shown in Table 1. When tested at 200 and 315°C (392 and 600°F), the higher dlspersoid 
volume fraction alloys result In relatively higher strengths and lower elongations. These 
alloys do not exhibit significant strain hardening, but. Instead, the engineering stress gradu- 
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ally decreases as a result of localized necking preceding failure. There was essentially no 
effect of a 120 h exposure at 400°C (750°F) on the properties of any of the extruded alloys. 
FVS0812 exhibits insignificant variations in tensile properties following 120 h or 504 h at 
400°C (750°F ) and 120 h at 455°C (850°F). Following 120 h at 510°C (950°F) the yield and 
tensile strengths of FVS0812 have been reduced by almost 10% and the elongation by nearly 
50%. The modulus of the alloys increased with dispersoid volume fraction, but not linearly. 
The modulus for FVS812 was 12.3 mpsi (85 GPa). Fatigue crack growth rates for extruded 
FVS061 1 and FVS0812 in the L-T and T-L orientation appear to be comparable. Fracture 
toughness is higher in the L-T orientation for the FVS61 1 (16 v/o) and FVS0812 (27 v/o) 
extrusions. The lower T-L toughness is associated with prior particle boundaries from the 
powder metallurgy fabrication process(12). 


Table 1 Average Room Temperature Tensile Strength (Long.) of 

AI-Fe-V-SI Sheet as a Function of Rolling Temperature 


Alloy/°C (°F) 

Strength 
0.2 Yield 
MPa(ksi) 

UTS 

MPa(ksi) 

Elong. 

% 

F VS30 1 /300(572) 

172 (25.0) 

203 (29.5) 

19.1 

FVS30 1/400(752) 

133 (19.3) 

180( 26.1) 

27.0 

FVS30 1 /500(932) 

104(15.1) 

148(21.5) 

30.7 

FVS61 1/300(572) 

298(41.9) 

317(45.9) 

17.6 

FVS61 1/400(752) 

212(30.7) 

248 (36.0) 

9.5 

FVS61 1/500(932) 

116(16.8) 

181 (26.2) 

27.7 

FVS81 2/300(572) 

430 (62.4) 

454 (65.8) 

13.3 

FVS81 2/400(752) 

392 (56.8) 

416 (60.3) 

17.4 

FVS81 2/500(932) 

271 (39.3) 

342 (49.6) 

18.0 

FVS1 21 2/300(572) 

500 (72.5) 

530 (76.9) 

9.4 

FVS1 21 2/400(752) 

482 (69.9) 

503 (73.0) 

12.1 

FVS1 21 2/500(932) 

413(59.9) 

448 (65.0) 

13.3 


3.3 SUPERPLASTIC EVALUATION 

Superplastic deformation of the Al-Fe-V-Si alloys was not possible due to effective 
pinning of grain boundaries by dispersoids. Overall, the Al-Fe-V-Si alloys showed little or no 
strain rate sensitivity at strain rates between 1x10"® and 0.10 s" 1 at temperatures under 
approximately 550°C ( 1022°F). At strain rate sensitivity (m) values significantly less than 
0.3, the Al-Fe-V-Si alloys can not be considered superplastic. Elongations after deformation 
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at 500 and 600°C (932 and 1 1 12°F) under the slow strain rates (<2xl0' 3 s* 1 ) were approxi- 
mately 40% or less. There was little change In grain size but dispersoid coursening was 
observed, as discussed below. Localized superplasticity was observed In the form of fine 
ligaments at the fracture surface, which suggested deformation according to the core and 
mantle mechanism (13). Failure at very low strain rates Is likely due to diffusion controlled 
void formation (cavitation). 

Higher strain rates (> 2xl0' 3 s' 1 ) resulted In significant Increases In elongation 
(up to 325 % at temperatures » 600°C (11 12°F). At these temperatures, the effect of 
dispersoids was less significant, as deformation became more matrix diffusion controlled. 
This suggests that thermally induced dislocation climb through vacancy diffusion is opera- 
tive (14). At temperatures £ 600°C (11 12°F). however, strain rate had very little effect on 
strength and elongation. The alloys exhibited a small strain rate sensitivity at tempera- 
tures «■ 600°C (11 12°F) under strain rates between 0.01 and 0.10 s-1 . The highest average 
m value was approximately 0. 13. 

At temperatures > 600°C (11 12°F), rapid coarsening of the dispersoids and their 
transformation to primary Al 3 Fe resulted In significant degradation of mechanical proper- 
ties. Furthermore, the coarsening was amplified by strain during the deformation process. 
At temperatures below 500°C (932°F), strain-enhanced coarsening was also observed to a 
lesser degree. Non-strain Induced coarsening was significantly less at 500°C (932°F) as 
compared to 600°C (11 12°F). After deformation at temperatures above 500°C (932°F) there 
was no Increase in grain size, and. in some cases, a reduction, which. may be Indicative of 
recrystallization during deformation. Grain size In the deformed samples was very similar 
to the as-received grain size. Deformation at 600°C (1112°F) resulted In more strain en- 
hanced coarsening of the dispersoid phase In the region nearer the break than in the region 
away from the break, where the particles were similar to the as-received size. Also, coarse, 
needle-like Al 3 Fe particles formed In the matrix as a result of thermal exposure during 
deformation. 

The presence of these needles and/or excessively coarse silicide dispersoids will 
severely degrade the material’s mechanical properties. The properties of the Al-Fe-V-Si 
alleys can be retained only if the microstructure of the alloys can be preserved during 
thermomechanical processing. Generally, tensile properties are not degraded after short 
exposures at 500°C (932°F) up to 4 h. 

3.4 DIFFUSION BONDING EVALUATION 

Bonding was not achieved In any of the Al-Fe-V-Si alloys at temperatures below 
600°C (11 12°F) and pressures up to 6.9 MPa (1000 psi). They require a homologous tem- 
perature greater than 0.95 for bonding, which Is similar to 7475 A1 alloy. For the creep 
resistant Al-Fe-V-Si alloys, very high temperatures are required to reduce the “flow" stress 
to a level that is compatible with conventional gas pressure diffusion bonding. At these 
temperatures, the accompanying coarsening of strengthening dispersoids and resultant 
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losses In the properties are unfortunate by-products. 

Diffusion bonding of the Al-Fe-V-Sl alloys was possible at temperatures at or 
above 600°C (11 12°F). but significant reduction In the alloy strength occurred due to rapid 
coarsening of the dispersolds and the formation of large needle-llke Al 3 Fe particles. Micro- 
scopic examination indicated that the dispersolds are thermally stable up to a homologous 
temperature of 0.75 or approximately 500°C (932°F). Once significantly coarsened, the 
shear strength of the diffusion bonds was mainly determined by the matrix strength which 
was 69-103 MPa (10-15 ksi). 

Dissimilar diffusion bonds between the Al-Fe-V-Si alloys and fine-grained, super- 
plastic 7475 aluminum alloy were produced at 516°C (960°F) for short times and low 
pressures. Bonds with shear strengths up to 90% that of the Al-Fe-V-Si base metals were 
attained. The excellent dissimilar bonds were limited by lower than expected base metal 
shear strength and compositional gradients due to Interfacial diffusion. The fine grain size 
of the Al-Fe-V-Sl alloys enhanced diffusion bonding by reducing bonding time and pressure 


8 



4. EXPERIMENTAL PROCEDURE 


4.1 ALLOY PRODUCTION 

Allied-Signal Inc., as a subcontractor to Grumman, supplied the high-temperature 
aluminum alloy FVS812 (new designation: AA 8009) as nominally 1.6 mm x 610 mm x 1219 
mm (0.063 in. x 24 in. x 48 in.) wide sheet produced under 

• Standard commercial conditions 

• Extended degassing sequence for the purpose of reducing the 
hydrogen level in the material in order to improve the weldability of the 
alloy. 

FVS812, which has 27 volume percent of sllicide dispersoids, was rapidly solidified 
using planar flow casting and ribbon comminution technology developed at Allied-Signal. 

FVS signifies the iron (Fe), vanadium (V), and silicon (Si) components: the dlgit(s) represent- 
ing the approximate weight percent (rounded to an integer) of Fe. V. and Si in the alloy 
respectively. The following is a summaiy of the processing and fabrication of the sheet 
material supplied in this program. 

Ranld Solid iflnatioTL The alloy was solidified at cooling rates in excess of 106K s* 1 using 
the planar flow casting technique, which produces ribbon approximately 5 cm (2 in.) wide 
and 25 pm thick. The ribbons were then comminuted Into -60 mesh (<250 pm) powder prior 
to being vacuum hot pressed into 1 1.5 cm (4.5 in.) diameter billets. 

For Lot No. 89A096, 89A1 10 and 89A1 15 billets, the FVS812 (AA8009) powder- 
planar-flow casting was produced in the laboratory-size 4.5 kg (100 lb.) batch caster which 
produced all of the FVS812 alloy that was commercially supplied prior to January 1990. 

The material produced for these billets met the stringent chemistry requirements established 
through the commercial programs. 

For the latter Lot No. 9QA335 and 9QA340 billets, the powder-planar flow casting 
was produced in the Allied High Temperature Aluminum Plant's 45 kg (1000 lb.) caster from 
which all FVS812 (AA 8009) is now cast. The casting conditions employed in the large 
caster are essentially identical to those used in the laboratory caster. The main difference is 
the larger batch size and the establishment of improved quality requirements of the cast 
material which assures a more consistent product. This accounts for the better uniformity 
in properties of sheet produced from these billets. The chemical compositions for each lot 
of material are summarized in Table 2. The high oxygen content measured in Lot No. 
9QA340 is most likely due to small leak in the system during degassing, which resulted in 
increased hydration of the aluminum powder and subsequently, higher hydrogen and 
oxygen after consolidation. 
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Table 2 Chemical Composition of Experimental FVS 812 Alloys 





Composition (weight %) 


Alloy-Lot# 

Degas Time, h 

Al 

Fe 

Si 

V 

0 

89A96 

2 

88.3 

8.6 

1.8 

1.3 

0.112 

89A110 

2 

88.4 

8.5 

1.8 

1.3 

0.157 

89A115 

20 

88.3 

8.6 

1.8 

1.3 

0.139 

90A335 

2 

88.2 

8.6 

1.8 

1.4 

0.107 

90A340 

20 

88.6 

8.4 

1.8 

1.2 

0.386 

Degas time: 1.5 h nominally referred to as 2 h in this report. 


Billet Production. All of the down stream processing of the billets was identical except 
that the powder for billets 89A1 15 and 9QA340 were degassed for 20 hours rather than the 
standard 1.5 hours (nominally referred to as 2 h degas In this report). 

The degassing and vacuum hot pressing parameters are summarized in Table 3. 
The differences in vacuum pressures during degassing are indicative of system leaks . 
Since temperature and time are held constant during the degassing cycle , the differences 
in vacuum pressure reflect how well the system was sealed for a particular batch. Based 
on these results and Internal studies at Allied-Signal, modifications to vacuum seals and 
standard operation practice have resulted In Improved typical vacuum levels at which 
degassing Is performed. Currently, the typical vacuum is about 1x10"® torr and hydrogen 
levels in standard degassed material are about 2.3 ppm (15). 

After degassing treatments, hydrogen concentrations were measured by LECO 
Corporation using a Model RH402 Hydrogen Analyzer. A clean five gram pin sample, 8.5 
mm (0.335 in.) x sheet thickness, was heated In vacuum at 60% full power for approxi- 
mately 15 s. Hydrogen content was determined by Integrating the signal over 100 seconds. 
The amount of hydrogen measured In this step Is termed “surface hydrogen”, since the 
heating cycle raises the temperature of the sample but does not result in melting. The 
exact temperature reached by the sample Is not known. Once surface hydrogen was deter- 
mined. the sample was then melted by applying higher power. The sample was held In the 
molten state for approximately 60 s and “bulk hydrogen" was determined by Integrating the 
signal over 100 seconds. “Total hydrogen" is the combination of surface and bulk hydrogen 
levels. Hydrogen levels for FVS812 alloys are summarized in Table 4. 
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Table 3 FVS812 Alloy Billet Processing Data 


Billet I.D.# 

Billet Dimensions 
Dia., cm (in) L, cm (in) 

Wt., kg (lb) 

Degas 
Time, h 

Degas 

Vacuum, torr 

Extrusion 
Temp., °C (°F) 

90A335 

25(10.0) 

41 (16.4) 

58 (127) 

1.5 

2x10-4 

416(717) 

90A340 

25(10.0) 

43(17.0) 

61 (134) 

20 

1.5x10-4 

416(717) 

89A115 

25(10.0) 

42 (16.8) 

59 (129) 

20 

2.2x10-6 

416(717) 

89A096 

27(10.8) 

39 (15.6) 

61 (134) 

1.5 

3x10-4 

427 (737) 

89 A110 

25 (10.0) 

42 (16.8) 

58 (128) 

1.5 

1x10-3 

427 (737) 

Degas temp.: 350°C (662°F) 

Degas time:1.5 h nominally referred to as 2 h in this report. 
Rolling temp.: 343°C (645°F) 

Extrusion Size: 4 x 20 cm (1.6 x 7.9 in.) 

Extruded at International Light Metals, Torrance, CA 


EsimsiQ a- All of the billets were extruded at International Light Metals. Torrance. CA 
They were extruded from nominally 26 cm (10.25 In.) diameter, the size of the extrusion 
liner, to a 44 mm x 203 mm (1.75 in. x 8 in.) rectangular cross section, an extrusion ration 
of 5.9:1. The extrusions from billets 89A096. 89A1 10 and 89A1 15 were improperly lubri- 
cated, which caused a loss of material available to be hot rolled. This is the reason that 
billets 9QA335 and 90A340 were added to the program. 


Table 4 Hydrogen Levels for FVS81 2 Alloys 


Alloy-Lot# 

Degas Time.h 

Hydrogen Content (wppm) 
Surface Bulk 

Total 

89A96 

2 

0.3 

3.0 

3.3 

89A115 

20 

0.2 

2.4 

2.6 

90A335 

2 

0.2 

2.4 

2.8 

90A340 

20 

0.2 

5.7 

5.9 


Hot Rolling . All of the hot rolling was performed at the Kaiser Center for Technology. 
Pleasanton, CA. Five heats of the alloy were produced, which represented a standard 
degas time of 1.5-h (nominal 2 h) and an extended degas time of 20 h. FVS 812 processing 
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data Is presented In Table 3. The extruded billets were sectioned to lengths up to 64 cm 
(25 In.) long. Pieces that were less than 64 cm (25 In.) long were longitudinally hot rolled to 
approximately 64 cm (25 In.) long. All of the pre-forms were then crossed-rolled to a thick- 
ness of 1.6 mm (0.063 In.). The rolling preforms were preheated to 343°C (650°F) prior to 
hot rolling. The pieces were deformed approximately 15% per pass and were reheated after 
each pass to keep the temperature as constant as possible. Graphite lubrication was used 
during rolling. When the correct thickness was achieved, the hot rolled sheets were sheared 
to the final dimensions, 1.6 mm x 610 mm x 1219 mm (0.063 In x 24 In. x 48 In.), prior to 
shipment to Grumman. 

In general the surface quality of the sheet was good, but the overall flatness was 
poor and varied due to the use of a small rolling mill. The sheets were considered to be 
excessively wavy such as to require a flattening heat treatment procedure prior to fabrication 
of the zee-stiffened compression test panels. This Is an area In need of further Improvement. 

4.2 MICROSTRUCTURE EXAMINATION 

Light microscopy samples were mechanically polished to a one micron finish and 
etched In Keller’s reagent prior to examination on a Leltz MM6 metallograph. Hardness 
measurements were made using conventional Wilson/Rockwell (Eb) or Wilson/Knoop testing 
machines. Scanning electron microscopy with eneigy dispersive x-ray spectrography (SEM/ 
EDAX) analysis was performed on an Amray 1000 scanning electron microscope. 

4.3 MECHANICAL TESTING 

Tensile . Tensile tests were performed on samples prepared from rolled 89A096, 89A1 15, 
9QA335, and 9QA340 (Lot No. 96, 115, 335 and 340) aluminum alloy sheet, according to 
ASTM Specification B557, E8 and E21. Baseline data was obtained from 2219-T62, and 
2024-T81 aluminum alloy sheet loaded In the longitudinal, L, direction. Tests on the high 
temperature aluminum alloys were conducted In the longitudinal, L. and transverse, T, 
directions. The effects of thermal exposure on FVS 812 were Investigated by heating 
samples at 200°C and 315°C, and for 100 and 1000 hours. The tensile test specimen 
geometry conformed to ASTM B557 and E8 for subsize tensile specimens (Fig. 1). Tensile 
properties were obtained for these materials In air at room temperature, and at 315°C in air 
using an ATS Series 32 10 oven. 

Tensile tests were performed on an MTS Model 810 servo-hydraulic material test 
system. Analog and digital load/strain data were obtained for each sample. Load was 
measured using a calibrated 89 kN (20 kip) load cell and strain was measured with a 
calibrated 12.7 mm (0.5 In.) gage length extensometer. During room temperature testing, 
the strain extensometer was attached directly to the test specimens, and at elevated tem- 
perature a sliding extension fixture to locate the extensometer out of the heated zone was 
used In conjunction with the ATS Series 3210 oven. The analog data was recorded on a 
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Houston Instruments Model 2000 X-Y Recorder. Digital data from the MTS Model 458 
Controller was recorded and processed on a Wells American computer through an MTS 
Model 459.16 Interface. Unless specified, a strain rate of 0.001 Inches per Inch per second 
was used. Strain rates as high as 10 Inches per Inch per second were used on selected 
samples. Typically, two tests per condition were conducted. 


.635 250) 
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—1 31.75 ( 1.250) U 34.93 (1 .375) ► 
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9.53 (.375) 

tH 

12.7 ( 500) — 


\ / 
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DIMENSIONS: mm (in.) 1.6 (.062) 

Fig. 1 Subsize Tensile Specimen 


Comprffiyjnn - Test coupons, 1.6 mm (0.063 In.) by 16 mm (0.625 In.) by 66 mm (2.6 In.) In 
size, were machined for compression testing. The specimens were installed in a Montgom- 
eiy-Templin compression jig and the tests were conducted at room temperature, as per 
ASTM E9-81, “Compression Testing of Metallic Materials at Room Temperature" using a 60 
Kip Tlnlus Olsen Electro-Matic universal testing machine In conjunction with two MTS 
extensometers. 

jamflmgg fKnhn Tear TestL Kahn Tear tests were performed on samples prepared from 
rolled 89A096 (Lot 96) and 89A1 15 (Lot 115) aluminum alloy sheet, in accordance with 
established practices (16. 17, 18). Baseline data was determined from 2219-T62 and 2024- 
T81 aluminum alloy sheet. Test specimens were prepared with the rolling direction either 
parallel to the load (L-T) or normal to the load (T-L). The effect of thermal exposure was 
Investigated by heating samples at 200 C and 315 C In air for 100 and 1000 hours. The test 
specimens conformed to the geometry shown In Fig. 2. 

The Kahn Tear tests were performed under ambient conditions at room tempera- 
ture on an MTS Model 943-80 servohydraulic test system. Analog and digital load/ displace- 
ment data was obtained for each sample. The analog data was recorded on a Houston 
Instruments Model 2000 X-Y Recorder. The digital data was acquired at 0.2 second intervals 
through the MTS system. All tests were conducted at a constant crosshead speed of 2.5 
mm/min. (0.1 inches/minute) and utilized the 12.7 mm (0.5 In.) displacement range. The 
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tests were considered complete at 12.7 mm (0.5 In.) crosshead displacement (Note: at 12.7 
mm displacement the residual tensile load was less than 5 lbs force although most test 
specimens had not completely parted). A Gaertner 20X microscope was set up on the test 
machine to view crack Initiation, and a mark was placed on the analog record at the point 
at which crack was first observed. This mark was used to verify crack Initiation displace- 
ment during post test processing to calculate crack Initiation energy and crack propagation 
energy. Crack Initiation energy and crack propagation energy were calculated by Integrating 
the numerical data from start to crack initiation, and from crack Initiation to test comple- 
tion respectively. 


7.93 (.312) DIA 



Fig. 2 Kahn Tear-Test Specimen 


Fatioue. Fatigue stress-life (S-N) tests were performed on samples prepared from rolled 
89A096 (Lot 96)and 89A1 15 (Lot 115) aluminum alloy sheet, according to ASTM-E466. 
Comparison data was obtained for 2024-T81 aluminum alloy. Test specimens were prepared 
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for loading in both the L and T directions. The effect of thermal exposure on fatigue life was 
investigated by soaking samples at 315°C for 100 hours. The test specimens conformed to 
the geometry shown in Fig. 3. Testing was performed in accordance with ASTM E466-82. 
S/N data was acquired at both room temperature and at two elevated temperatures: 200 C 
and 315°C (392 °F and 600°F). Most tests were replicated and all were conducted in air 
under ambient conditions. Constant amplitude testing was performed at a minimum-to- 
maximum load ratio (R) of 0. 1. These tests were conducted at cycling rates in the range of 
1.5 Hz- 15 Hz. 



Fig. 3 Fatigue Test Specimen 


4.4 FORMING 

Minimurt] ESBSl RosliuS - To determine minimum bend radius, tests were conducted on an 
existing standard “Vee-type “test die (ST-6010) with a 90° fixed bend angle and varying bend 
radii on the male punch (Fig. 4). The radius varied every 56 mm (2.2 in.). The radii included 
the following sizes: 0.79 mm (0.031 in.). 1.19 mm (0.047 in.). 2.38 mm (0.093 in.). 3.18 mm 
(0.125 in.). 3.57 mm (0.141 in.). 4.76 mm (.188 in.). Bending was conducted such that the 
bend-line was either parallel, perpendicular, or diagonal (45°) to the sheet rolling direction. 
The sample parts were 1.6 mm (.063 in.) thick by 51 mm (2.0 in.) wide by 76 mm (3.0 in.) 
long and were brush-coated with boron nitride suspended in toluene prior to forming. Six 
parts were formed at a time. Once the parts were set in place, the hot press was closed until 
the punch just made contact with the parts to be formed. The protective curtains were 
drawn to insure better heat retention and the press was held in this position for ten minutes 
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to insure a proper heat soak. The press was then closed and held for two minutes, after 
which the parts were removed and allowed to air cool. Bending was conducted at tempera- 
tures ranging from room temperature up to 500°C (930°F). The temperature at each test 
was held to approximately ±12°C (±25°F). The tonnage used to form the parts was set at 5 
tons, the lowest pressure used In production. The ram of the press traveled at approxi- 
mately 3.4 mm/s (. 132 in/s). Subsequent to bending, the parts were cleaned with a water 
rinse and Inspected visually for cracks at the bend radius up to 2Qx magnification and then 
by dye-penetrant Inspection (19). 



2) RADII VARIES EVERY 56mm (2.2 in.) 


3) RELIEF OF FEMALE DIE NOT SHOWN 


Fig. 4 Vee-Test Punch and Die 


Hot-Fonned Part with Contoured Flanae . An existing die was used to evaluate hot wipe- 
forming of the FVS812 alloy-Lot 1 10 (2 h degas), 1.6 mm (0.063 In.) thick sheet. Normally, 
the die ( A51B27133-13/ 14-FPW)) Is used to hot form “clips” of ti taniu m alloy. T1-6A1-6V- 
2Sn, as part of a nacelle frame-stiffener. Prior to forming, the parts were blanked and 
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coated with boron nitride. Forming was conducted on a 300 ton Willi White hydraulic press, 
with heated platens and pressure pad cushion, at temperatures from 315°C (600°F) to 
480°C (900°F) after various heating times ranging from 2-7 min. Forming speed was ap- 
proximately 2.5 mm/s (0.1 in/s). After forming, the parts were inspected for shape and 
cracking. 

Hot-Formed Part: Pressure-Pad Beam Forming . An existing die was used to make a 
preliminary evaluation of draw forming of the FVS812 alloy. Normally, the hot die (C652- 
17P2A5498- 1HFD# 1) is used for forming titanium alloy. Ti-6A1-4V “support" pieces, 1.3 mm 
(0.050 in.) thick. Prior to forming, the parts were blanked and coated with boron nitride. 
Forming was conducted at 455-480°C (850-900°F ) on a 150 ton USI hydraulic press with a 
heated bolster plate, with punch speed estimated at 2.5 mm/s (0.1 in/s). 

4.5 WELDING 

Fusion . Sheet materials 1.6 mm (.063 in.) thick were welded in both the standard process 
(Lot 96) and vacuum degassed form (Lot 115). Weld preparation for the EBW and GTA 
processes included machining of the butting edges, deoxidation in a nitric /chromic acid 
solution (per Mil-S-5002) and manual scraping of the joint area immediately prior to weld- 
ing. Autogenous bead-on-plate and butt joints were made using machine gas- tungsten-arc- 
welding in the flat position. All welds were made using direct current electrode negative 
(DCEN) with helium shielding gas on the face (100CFH) and root (250 CFH) sides. An eight- 
foot long Jetline Welder with a Linde HW-500SS power supply was used with a 0.063 in. 
diameter tungsten electrode and No. 10 ceramic gas cup. Electron beam welds were made 
in the flat, horizontal and vertical positions in a Sciaky Model VX.3 electron beam welder, 
with a capability of 60 KV and 500 ma under vacuum of 10‘ 5 torr. 

Resistance Soot Welding. Initial parameter development was accomplished with 1.6 mm 
(.063 in.) thick samples of the standard alloy (Lot 96) processed using the normal pre-weld 
cleaning procedures (vapor degrease, alkaline clean, deoxidize in nitric/chromic acid, rinse, 
dry and wire brush immediately prior to welding). All welding was performed on a 100 kVA 
three phase frequency converter machine, capable of monitoring weld expansion versus time 
(which is an indication of heat buildup in the weld) and displaying the result graphically on 
a CRT display. Radiographic tests on welds were made to the requirements of M11-W-6858D 
for Class A welds. Shear strength and consistency of the welds were determined according 
to the minimum requirements of M11-W-6858D. Cross tensile-to-shear strength ratios, were 
tested to the Mil-W-6858 specification. Weld tests were performed on the standard and 
extended vacuum degassed alloys. 
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4.6 ZEE-STIFFENED COMPRESSION TEST PANELS 


Design and Analysis . Three small-scale, zee-stiffened compression test panels were 
designed and fabricated: 

• A baseline riveted panel with 2024-T62 aluminum zees and a 2024-T81 
aluminum skin 

• A riveted panel with FVS812 aluminum zees and skins 

• A resistance spot -welded panel fabricated with FVS812 aluminum zees 
and skins. 

The panels had the same nominal geometrical configuration, which was obtained by 
trlal-and-error using the Grumman CUKVPANL computer program and associated room 
temperature material properties. Compression loads were analyzed with the Grumman 
CUKVPANL and YFUDGE computer programs. 

Fabrication. The zee-stiffened panels were fabricated by either riveting or resistance spot 
welding. All sheet-metal components were sheared from the as-received material and hand 
deburred by light filing. The FVS812 alloy -Lot 340 (20 h degas) was used to fabricate zee- 
stiffeners for the compression panels. The stiffeners were sheared into 57 mm (2,25 In.) by 
216 mm (8.5 in.) blanks and were hot-formed on a Pacific Brake ( Model 200-12) with a 
heated platen. Air bending was conducted on 1.6 mm (0.063 in.) thick material, perpendicu- 
lar to the sheet rolling direction, using a 2.4 mm (0.094 in.) radius die with the platen bed 
heated to 260°C (500°F). The parts were preheated to 480°C (900°F) for five minutes in a 
portable electric furnace adjacent to the press brake, prior to forming. After transferring 
the part from the furnace to the press brake, the actual forming temperature was measured to 
be 430-454°C (800-850°F). After forming, the parts were visually and dye-penetrant 
Inspected for cracks. 

Aluminum alloy 2024-0, 1.6 mm (0.063 In.) thick sheet was used to fabricate 
zee-stiffeners for the baseline riveted compression test panel. Forming was conducted paral- 
lel to the rolling direction at room temperature using a 2.4 mm (0.094 in.) radius die. 
Subsequently, the formed 2024-0 parts were heated to the T6 temper. 

The riveted and the resistance spotwelded panels were constructed using standard 
manufacturing procedures. The holes for the rivets were drilled In the skin and stiffeners 
with high-speed cobalt drills. Monel countersunk rivets. 3.2 mm (0. 125 In.) diameter (NAS 
1200M4) were used to fasten both the FVS812 and 2024 A1 panels. The engineering drawings 
for the panels are Included In the appendix. Resistance welding parameters are presented in 
the Results and Discussion section. Details of the panel assemblies are given in the Appendix. 

Testing . Preparatory to testing, surface flatness and straightness measurements were made 
on each of the panels. The panels will be tested at room temperature under compressive 
loading at the NASA Langley Research Center structural test facility. 
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5. RESULTS AND DISCUSSION 


5.1 ALLOYS 

Mirmstrucfur'’ nnH Strength The average grain size and dispersoid size for these alloys is 
0.36 1 irn and 42 ran, respectively (6). The nominal composition of the dispersoid particles is 
Ali3 (Fe,V)3Si. Distinct grain boundaries cannot be resolved by light microscopy, however, 
the flow pattern arising from the prior powder boundaries may be observed. Light micro- 
graphs of the microstructure of FVS812 alloy. Lot 96 (2 h degas) are shown In Fig. 5, which 
are typical for the other alloys in this program. X-ray (111) pole figure indicate that these 
alloys exhibit only a weak fee texture versus conventional ingot Al base alloys following 
similar thermomechanical processing (6). Dispersoid coarsening rates at 315°C (600°F) are 
of the order of 10‘ 27 tnm 3 /h and are considered negligible (11, 20). 

Room temperature tensile properties for the FVS812 sheet used in this program 
are compared in Fig. 6 ( The data are presented in Tables A-l, A-2, and A-3). In general, the 
sheet was isotropic with respect to strength, with no apparent effects of degassing. Higher 
transverse elongation was typically observed but there is no apparent effect of degassing. 

Effort of pg gassing on EudroaSR Content. The results of degassing treatments described 
above are presented in Table 4. After 20 h extended degassing, the total hydrogen content 
was reduced by approximately 20% in the Lot 1 15 material, compared with Lot 96 which 
received the standard 2 h degas treatment. On the other hand, the hydrogen contents of 
Lots 335 (2 h degas) and 340 (20 h degas) exhibited an opposite trend, with the Lot 340 
material approximately twice as high as Lot 96. The higher hydrogen and oxygen content 
(Table 2) has been attributed to a small leak in Allied’s vacuum system which resulted in 
continual rehydration of the FVS812 material during the 20 h degassing (15). The increase 
in hydrogen content, coupled with an increase in oxygen content, indicates that the 
rehydration reaction involved the formation of additional aluminum hydrate on the powder 
surface. Although the hydrogen content in both lots of material that received an extended 
degassing treatment are substantially different, longer degassing times appeared to be 
beneficial to mechanical properties and welding behavior. Those results will be presented in 
the following sections. 

In FVS812 alloys, hydrogen may be present in many forms, including hydrates, 
hydroxides and absorbed water vapor on the surface and monoatomic hydrogen dissolved 
in the bulk. Degassing can reduce hydrogen by boiling off water vapor, decomposing 
hydrates, and at high enough temperatures, reducing bulk hydrogen by diffusion. Since 
surface hydroxides will not decompose under normal degassing temperatures, all ribbon 
and powder is stored under a protective dry atmosphere. Water vapor comes off at about 
100°C (212°F). The hydrates usually decompose from a triple hydrate to a mono-hydrate 
and eventually to alumina, as indicated: AI2O3 3H2O — > AI2O3 2H2O — > AI2O3 H2O— > 
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a) LONGITUDINAL 



b) TRANSVERSE 


Fig. 5 As-Received Microstructure of FVS812 Alloy (Lot 96, 2 h 
Degas) 
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M2O3. Break-down of the mono-hydrate only occurs at temperatures above approximately 
500° C. Reaction of water vapor with the aluminum produces hydrogen gas and oxygen, 
which is scavenged to form alumina (AI2O3). Therefore, oxygen content during the decom- 
position of the hydrates will remain essentially constant even though the hydrogen level is 

reduced (15). 



Fig. 6 Comparison of Room Temperature Tensile Properties 
of FVS812 Alloys 



5.2 MECHANICAL TESTING 


Tensile 

Effect of thermal exposure on room temperature p r op er ti es. The effect of thermal 
exposure on the room temperature tensile properties of FVS812 (Le., Lot 96-2 h degas and 
Lot 11 5-20h degas) are shown in Fig. 7-9. In general, there is no significant effect on the 
yield or ultimate strength of either alloy in the L or T-orientation after exposures up to 315°C 
(600°F) for 1000 h. In each case, the percent elongation is generally lowered after exposure. 
In Lot 96, elongation in the T-orientation in the as-received condition is about twice that of 
the L-orientation (Fig. 7). Higher elongation in the T-orientation has also been observed in 
standard-degassed , 2.2 mm (0.085 in. ) thick FVS812 alloy sheet (1). This behavior may be 
due, in part, to the prior alignment of primary sillclde rods and oxide fragments in the billet 
form. i.e., the less ductile orientation in the billet, the T-orientation, becomes the L-orienta- 
tion in sheet form because of a cross-rolling procedure (20). 

After thermal exposure, the elongation for all conditions are more nearly the same 
but some scatter is observed. In Lot 115, the elongations for both test directions are compa- 
rable in the as-received condition and generally reduced after exposure (Fig. 8). The ulti- 
mate strength and elongation of both alloys in the L-orientation are compared in Fig. 9. The 
strength for both are equivalent but average ductility is approximately 40 to 70 % greater in 
the Lot 115 (20 h degassed) alloy after the various exposures. Thus, it appears that ex- 
tended degassing may have a beneficial effect on ductility. Also, the elongation data in Fig. 

9 (also Fig. 7, 8) indicate that the ductility for both alloys after 315°C exposure is slightly 
higher than after 200°C exposure. After thermal exposure, there appear to be no clear 
trends on elongation due to prior billet orientation. A tensile fracture surface characterized 
by fissurlng associated with prior ribbon boundaries is shown in Fig. 10; this was typical for 
both conditions. Similar tests on the Lot 335 (2 h degassed) and Lot 340 (20 h degassed) 
alloys might have clarified this data but such tests were not conducted because of the late 
arrival of those materials. 

There appear to be two effects. Le.. improved ductility in the extended degassed 
material and the relatively lower ductility after thermal exposure at 200°C (392°F), which 
may be related to the presence of hydrogen. A tensile elongation dependency on hydrogen 
concentration has been observed in Al-Fe-Ce alloys (21) which could account for differences 
due to billet degassing in this work. Lowered ductilities after thermal exposure may be 
related to evaporation and decomposition reactions at relatively low temperatures involving 
adsorbed H 2 0/0 2 mixtures and hydrated aluminum oxides (21). For example, up to 200°C 
(392°F), evaporation of H 2 0/0 2 is expected: between 150-350°C (300-660°F), decomposi- 
tion of the hydrated oxide could produce water vapor; and between 300-500°C (570-930°F), 
hydrogen gas is expected. Hydrogen in the microstructure may be the most detrimental at 
low temperatures because of limited mobility (22). The effect of shorter exposure times on 
tensile properties was not evaluated for these materials. 
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Fig. 7 Effect of Thermal Exposure (100 h and 1000 h) on Room 

Temperature Tensile Properties of FVS812 (Lot 96, 2 h Degas) 
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Fig. 8 Effect of Thermal Exposure (100 h and 1000 h) on Room 

Temperature Tensile Properties of FVS812 (Lot 115, 20 h Degas) 
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Fig. 9 Effect of Thermal Exposure (100 h and 1000 h) on Room Temperature Tensile 
Properties of 2 h (Lot 96) and 20 h (Lot 115) Degassed FVS812 Alloy 


25 







Fig. 10 Tensile Fracture Surface of FVS812 Alloy (Lot 96, 2 h 
Degas), As-Received 


Effect of thermal exposure on elevated temperature properties. The effect of thermal 
exposure on elevated temperature properties of Lot 1 15 (20 h degas) is shown in Fig. 1 1 and 
12. Although strength is unaffected by thermal exposure up to 315°C (600°F) for 1000 h 
when tested at room temperature or 315 o C(600°F), there was an effect on ductility. When 
tested at room temperature after exposure, elongation is approximately the same for all 
conditions. But when tested at 315°C (600°F) after exposure, elongation is significantly 
increased. This effect is not explained at the present time. 

Elevated temperature properties of Lot 115 (20 h degasf. The elevated temperature 
properties of Lot 1 15 (20 h degas) are shown In Fig. 13 (The data are presented in Table A-4). 
Yield strength decreases with temperature but tensile ductility is significantly reduced at 
intermediate temperatures, (80°C (175°F) to 175°C (350°F). The reduction in ductility is 
attributed to dynamic strain aging (DSA). In these alloys, the phenomenon of DSA occurs at 
low to intermediate temperatures and is characterized by reduced ductility and increased 
flow stress and is attributed to the interaction of mobile dislocations and solute atmospheres 
(23, 24. 25). This effect also manifested itself during hot forming studies of these alloys, 
where severe cracking occurred during bending in the same temperature range. 
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Fig, 1 1 Effect of Test Temperature on Tensile Properties 
of Lot 115 (20 h Degas) After Long Term Exposure 
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Fig. 12 Effect of Thermal Exposure on Strength 
and Ductility in Lot 115 (20 h Degas) 


Effect of strain rate. The effect of strain rate on tensile properties is shown in Fig. 14 and 
15 ( The data are presented in Table A-5). Flow stress gradually increased with strain rate 
at test temperatures up to 482°C (900°F), as expected(26). At room temperature, tensile 
ductility gradually decreased with strain rate. At 315°C (60O°F) there was no significant 
effect but, at 482°C (900°F), some strain rate sensitivity was observed. At 482°C, (900°F) 
the elongation increased approximately 75 % from 0.001 to 0.1 s' 1 , and at strain rates > 

0.1 s' 1 , it decreased slightly. Ductility appears to significantly improve between 315°C 
(600°F) and 482°C (900°F). Similarly, during the forming studies, cracking was usually 
observed during bending, up to 315°C (600°F), while crack-free bends were produced at 
higher temperatures. The forming studies in this work were conducted at forming rates «= 
0.1 s' 1 . 
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Fig. 13 Elevated Temperature Tensile Properties of FVS81 2 
(Lot 115, 20 h Degassed) 


The Al-Fe-V-Si alloys showed very little strain hardening at room temperature, 
200°C (392°F), and 300°C (572°F) but did exhibit a small strain rate sensitivity increase at 
strain rates near 0.01 and 0.10 s-1 at higher temperatures approaching 600°C (11 12°F)(6). 
At the lower temperatures, where the typical load vs time data Indicated a very rapid In- 
crease to the maximum load followed by gradual load decrease prior to localized neck forma- 
tion and failure, the load reduction was attributed to diffuse necking. The evidence indi- 
cated that strain hardening at low strain rates occurred very rapidly In the very early stages 
of deformation. However, at higher temperatures, the strain level at which load reduction 
occurred. Increased with strain rate. In this work, possible enhanced plastic stability, which 
apparently Increased elongation, was observed during deformation at 480 C. The improved 
plastic stability suggests that another deformation mechanism was operative, namely ther- 
mally induced dislocation climb through vacancy diffusion (14). At high temperatures where 
there is climb, the dispersoid particles are no longer effective at limiting slip through re- 
sidual dislocation interaction (i.e., Orowan bowing). As dislocation climb is diffusion rate 
driven, there Is an associated rate effect and a “strain rate sensitivity" might be encountered 
under climb conditions. The observed Increase in strain rate sensitivity in this work might 
be the result of such a rate dependence and could have been observed In the “strain" hard- 
ening behavior observed under high strain rates. 
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Fig. 1 4 Effect of Strain Rate on Tensile Properties 
of Lot 1 15 (20 h Degas) 
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Fig. IS Effect of Temperature on Tensile Properties 
of FVS812 (Lot 115, 20 h Degas) 


rstmpr/xtsion. Compression yield strength In the as-received condition for each of the two 
material degas conditions ( 2 h and 20 h) was determined for the design of the zee-stiffened 
compression test panels. The test results are presented In Fig. 16 ( The data are presented 
In Table A-6). In each case, the compressive yield strength was 15-20 % higher In the 
transverse direction (approximately 55 ksi). Since higher strength In the transverse direc- 
tion was unexpected, additional compression yield tests were conducted to determine the 
effect of annealing at 300, 400 and 500°F (570, 750 and 930°F) on compressive yield 
strength in the as-received condition for each of the two material degas conditions ( 2 h and 
20 h). The overall results indicate that annealing had an aging effect and that compressive 
yield strength In the L and T orientations Increased with temperature but that strength In 
the longitudinal direction of both alloys was still relatively low (Fig. 16). This strength 
differential may be attributed to a mlcrostructural texturing effect resulting from hot rolling. 

In view of the unexpected behavior under compressive loading, tensile tests were 
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conducted on the same FVS812 alloys and degas conditions, exposed to the same exposure 
conditions as their compression counterparts, to determine the effect of thermal exposure. 
Thermal exposure slightly decreased tensile yield strength in the L-orientation of both degas 
conditions but did not significantly affect the yield in the T-orientation (Fig. 17 and Table A- 
7). Tensile ductility, on the other hand, decreased in the T-orientatlon of both alloy condi- 
tions and behaved somewhat erratically in the L-orientation (Fig. 18). From these observa- 
tions. it was concluded that strength anisotropy was pronounced under compressive loading 
but not in tension, and that tensile elongation appears to be sensitive to the effects of ther- 
mal exposure, all of which are not yet completely understood. 
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Fig. 16 Effect of 20 h Thermal Exposure on Compressive 
Yield Strength of FVS812 Alloys 


Metallographic examination of the sheet indicated that the compression yield 
strength differential appears to be attributed to a microstructural texturing effect resulting 
from hot rolling, as shown in Fig. 5. The alignment of prior ribbon boundaries during billet 
fabrication may create a mechanical column effect, which is subject to earlier instability 
compared with compression loading in the T-orientation. However, in other work, this behav- 
ior was considered to be due to the development of residual bending in the mill-supplied 
sheet (1). In the present work, the effect seems to be the result of prior ribbon boundary 
alignment, since it persisted after annealing. After thermal exposure at the temperatures and 
times indicated, the overall increase in compressive yield strength for all conditions is prob- 
ably due to the presence of equilibrium A1 jgFe^ or AlgFe phase, which forms by the transfor- 
mation of the coarse slliclde dlspersolds (27). 
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Tpuohng« fKahn Tear Test ). The Kahn Tear test provides a measure of notch toughness 
by comparing the ratio of tear strength to yield strength (TS/YS)(16. 17. 18). Tear strength 
is the combined direct stress and bending stress developed by the specimen and is com- 
puted hum the maximum load, as follows: 

Tear strength. (MPa) = P/A+Mc/I = P/bt+3P/bt = 4P/bt ((17. 18)). 
where: 

P = maximum load, N (lb) 

A = net area, mm 2 (in 2 ) 

M= moment, J. mm-Ib (in-lb) 

c = distance from centroid to extreme fibers, mm ( in.) 

I = moment of inertia, mm 4 (in 4 ) 
b = width at root of notch, mm ( in.) 
t = thickness, mm ( in.) 

The primary criterion of an aluminum alloy’s tear resistance derived from this test 
Is considered to be the unit propagation energy (UPE). The UPE (J/mm 2 ) is equal to the 
energy required to propagate a crack divided by the initial net area of the specimen and is a 
measure of stable crack resistance. 

Tear strength-to-yield strength (TS/YS) ratio. The effect of thermal exposure on the TS/ 
YS ratio for both lots ( i.e., Lot 96-2 h degas and Lot 1 15-20 h degas) of FVS812 is shown in 
Fig. 19 ( The data are presented in Tables A-8, A-9 and A-10). In general, the TS/YS ratios 
are relatively high for aluminum alloys, ranging from 1.29 to 1.45 for all conditions . The 
values for the L-T orientation in each lot are slightly more consistent than those of the T-L 
orientation. At room temperature, the TS/YS ratio for the T-L orientation of both lots is 
about 5% greater than that of the L-T orientation. After thermal exposure under various 
conditions, there is no systematic orientation effect observed and the ratios vary within a 
few percent. There appears to be no significant effect of degas time on TS/YS ratio. 

Compared with room temperature TS/YS ratios, the effect of thermal exposure on 
L-T values was less than that on T-L values, in general. In Lot 1 15, L-T values were re- 
duced by 3% after 100 and 1000 h at 200°C (392°F); after 100 and 1000 h at 315°C (600°F) 
values were reduced 1%. In the T-L orientation of Lot 1 15, values were reduced 1 1 and 8 % 
after exposure for lOOh at 200 and 300°C (392 and 600°F), respectively; after lOOOh, there 
was no reduction for 200°C (392°F) exposure and 1% for 315°C (600°F). In Lot 96, L-T 
values were slightly reduced after lOOh exposure at both temperatures, but were slightly 
increased after lOOOh at the same temperatures. In the T-L orientation of Lot 96, values 
were reduced about 4 and 3% after 200°C (392°F) for lOOh and lOOOh and were reduced 9 
and 1 1% for the same times at 315°C (600°F). 
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Fig. 19 Effect of Thermal Exposure on Tear Strength/Yield 
Strength Ratio of FVS812 Alloy 


Unit propagation energy (UPE). The effect of temperature on UPE for both lots Is shown in 
Fig. 20 and 2 1 and both alloys are compared in Fig. 22. The UPE for the L-T orientation is 
significantly higher in both lots of material. In Lot 1 15. UPE values range 31 to 47% greater 
than T-L for the various conditions reported. In Lot 96, L-T values range 19 to 45% greater 
than T-L values for the various exposure conditions. Lower fracture toughness in the T-L 
orientation has been observed for these alloys and appears to be related related to crack 
propagation predominantly along weak prior particle interfaces, where oxide fragments form 
a preferential fracture path (12, 22). Low magnification SEM fractography of FVS8 12 
showed secondary cracking or delamination, perpendicular to the crack front, in both the L- 
T and T-L orientations, as shown typically in Fig. 23. In other work, where delaminations 
were not observed in the T-L orientation of compact tension specimens, the mechanical 
effect of delamination was considered to increase the apparent resistance to crack growth 
( 22 ). 

In Lot 115, UPE for the L-T orientation is systematically lowered by 3 and 10% 
after thermal exposure for lOOh at 200 and 315°C (392 and 600°F) . compared with room 
temperature values, as shown in Fig. 20. After lOOOh exposure at 200°C (392 °F) , UPE is 
reduced 9% but after 1000h/315°C (600°F) exposure is reduced only 2%. In the T-L orien- 
tation, UPE is reduced with temperature but the reductions are less after lOOOh exposure at 
both temperatures. 
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Fig. 20 Effect of Temperature on Unit Propagation Energy (UPE) 
of FVS812 Alloy (Lot 115, 20 h Degas) 
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Fig. 21 Effect Of Temperature on Unit Propagation Energy (UPE) 
of FVS812 Alloy (Lot 96, 2 h Degas) 
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Fig. 22 Effect of Thermal Exposure on Unit Propagation 
Energy (UPE) of FVS812 Alloy 

In Lot 96. UPE for the L-T orientation is lowered by 11 and 16% after thermal 
exposure for 100 and lOOOh at 200°C (392°F) . compared with room temperature values, 
as shown in Fig. 21. At 315°C (600°F) , there was no reduction in UPE after lOOh and 7% 
after lOOOh. The lower UPE values in the L-T orientation at 200°C (392°F) may be related 
to the evolution of water vapor and hydrogen from reactions involving adsorbed H 2 0/0 2 
mixtures and hydrated aluminum oxides, as noted above for the effect of thermal exposure 
on tensile elongation. In the T-L orientation, reductions in UPE with temperature ranged 
from 22 to 30%. 

There appears to be no overall clear systematic effects of degas time on UPE. as 
shown in Fig. 22. At room temperature, UPE values for Lot 96 are 6 and 16% greater than 
that of Lot 1 15 for the L-T and T-L orientations, respectively. The effects of various thermal 
exposures on UPE are mixed and are not well understood at this time. In general, the UPE 
values of the Lot 1 15 alloy appear slightly more uniform which may be related to extended 
degassing. The variation in UPE values ( and tensile yield strength) is greater in Lot 96 
than in Lot 115. In Lot 96. L-T and T-L values ranged from 16 to 30% ( yield strength 
ranged from 6 to 8%). In Lot 1 15. L-T and T-L ranged from 10 to 24% ( yield strength 
ranged from 4 to 1 1%). 
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Fig. 23 Fracture Surface of Kahn Tear Test Specimen: FVS812 
(Lot 115, 20 h Degas), T-L (Arrows Point to Typical 
Secondary Cracking) 


Overall, the FVS812 alloys appear to provide a superior level of tear resistance 
relative to other aluminum alloys, as shown by a comparison of UPE as a function of yield 
stress In Fig. 24. There Is a tendency for the UPE of both lots of the FVS812 alloys In the T- 
L orientation to decrease with yield stress, which Is similar to the other alloys shown. How- 
ever, the results are mixed for the L-T orientation of the FVS812 alloys: the UPE of Lot 115 
decreases with yield strength but that of Lot 96 increases which can't be explained at this 
time. Obviously, a wider range of data is required to verify such trends. The FVS812 alloys 
have relatively good notch toughness compared with conventional ingot metallurgy alumi- 
num alloys based on a comparison of tear strength to yield strength fTS/YS) ratios. The TS/ 
YS ratio for the L-T orientation of both lots of FVS812 tend to be less sensitive to thermal 
exposure than the T-L orientation. The TS/YS ratio of the Lot 1 15 (20 h degas) alloy was 
slightly more consistent than that of the Lot 96 (2 h degas) alloy over the range of conditions 
evaluated. In comparison. 2024-T81 and 2219-T62 are far more sensitive to thermal expo- 
sure. as expected (Fig. 25 and 26). Their TS/YS ratios and UPE values increase with ther- 
mal exposure, which reflect decreasing yield strength. 



The tear resistance of the FVS812 alloys, based on unit propagation energy (UPE) 
measured by the Kahn Tear test, is very high compared with other aluminum alloys. UPE 
values of the L-T orientation for both lots of FVS8 12 are significantly greater than those of 
the T-L orientation. The lower T-L values are most likely associated with the low fracture 
resistance of prior ribbon particle boundaries. A minimum in UPE at 200°C was observed in 
both lots of FVS812 after thermal exposure and may be related to hydrogen effects but 
needs to be substantiated. 



Yield Stress, MPa 

Fig. 24 Comparison of Unit Propagation Energy (UPE) vs Yield Stress 
for FVS812 and Various Classes of Aluminum Alloys 
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Fig. 25 Effect of Thermal Exposure on Unit Propagation Energy (UPE) 
on FVS812, 2024 and 2219 Al Alloys 

Fatigue. In general, the S-N fatigue behavior of FVS812 was acceptable under the condi- 
tions tested. There was virtually no anisotropy exhibited and the stability of the strength- 
ening dispersolds appeared to be excellent for all conditions. Fatigue behavior for the 
extended 20 h degassed alloy, Lot 1 15 and the standard degassed alloy. Lot 96, before and 
after thermal exposure at 315°C (600°C) for lOOh for the L and LT orientations Is shown In 
Fig. 27-29 and In Fig. 30-32, respectively < The data are presented In Tables A- 1 1 , A- 12 and 
A- 13). The S-N curves for each condition are plotted as a minimum line, with all data 
points lying on or above the lines shown. For the Lot 1 15 material. It can be seen that very 
little difference exists between these conditions, especially from the mid-life range of 
100,000 cycles to the high cycle range where the S-N curves are nearly superimposed . 

For Lot 96. no difference appeared to exist between the fatigue life of the longitu- 
dinal and transverse conditions (Fig. 30 and 31). However, after exposure at 100h/315°C, 
fatigue strength Increased approximately 20% for both the L and T conditions (Fig. 32). 

This effect may be related to the results observed In this work for the tensile elongation and 
Kahn UPE toughness after thermal exposure and may Involve hydrogen evolution and 
migration. In this case, it appears that fatigue crack Initiation life was enhanced In the Lot 
96 (2 h degassed) material after thermal exposure. This effect was not observed in the Lot 
1 15 (20 h degassed) alloy. No data are available relating to the fatigue crack initiation or 
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Fig. 26 Comparison of Tear Strength/Yield Strength (TS/YS) 
Ratio for FVS812, 2024-T81 and 2219-T62 


fatigue crack growth behavior at room and Intermediate temperatures for the FVS812 alloy. 

The fatigue life of each alloy after thermal exposure at 315°C for 100 h is compa- 
rable to that of 2024-T81 from the mid-llfe to high cycle range, as shown In Fig. 33. The 
2024-T81 alloy was tested In the as-received condition only, since thermal exposure at 
315°C reduced tensile strength by approximately 50%. The effect of test temperature on 
fatigue life is shown in Fig. 34-36. In general, fatigue behavior of both FVS812 alloy degas 
conditions was essentially identical at elevated temperature and there was no significant 
effect of sheet orientation. At 100,000 cycles, fatigue strength at 200°C (392°F) Is reduced 
approximately 20% from the room temperature condition and. at 315°C (600°F), by approxi- 
mately 38%. However, a comparison between the two degassed conditions at room tem- 
perature shows improved fatigue life for the 20 h degassed material. For example, maxi- 
mum stress for the 20 h material is 20% higher at 10 7 cycles (Fig. 36). This Improvement In 
fatigue strength may be related to extended billet degassing. 

There was no apparent effect due to dynamic strain aging (DSA) during testing at 
200°C (392°F) . An effect of DSA resulting In reduced plasticity might be more apparent 
during low cycle fatigue testing under strain controlled conditions or at points of stress 
concentration In structures subjected to cyclic service loadings, such as fastener holes in 
conventional built-up panels. In fact, knowledge of fatigue crack Initiation and growth Is 
critical to the development of accurate life predictions for uncracked structure. Based on 
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Fig. 27 Stress-Life (S/N) Fatigue Behavior In As-Received FVS81 2 
(Lot 1 15, 20 h Degas) for L and T Direction 
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Fig. 28 Stress-Life (S/N) Fatigue Behavior In FVS812 (Lot 1 15, 20 h Degas) 
After Thermal Exposure for 100 h at 315°C for L and T Direction 
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Fig. 29 Effect of Thermal Exposure on Fatigue Life In FVS812 (Lot 115, 20 h Degas) 
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Fig. 30 Stress-Life (S/N) Fatigue Behavior In As-Received FVS812 
(Lot 96, 2 h Degas) for L and T Direction 
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Fig. 34 Effect of Test Temperature on Fatigue Life In FVS812 
(Lot 115, 20 h Degas) 
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Fig. 35 Effect of Test Temperature on Fatigue Life in FVS812 
(Lot 96, 2 h Degas) 
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Fig. 36 Comparison of Fatigue Life in 2 It and 20 h Degassed Material 
as a Function of Test Temperature 
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the general improvement In elevated temperature strength of the Al-Fe-V-Si alloys compared 
with conventional aluminum alloys, the expected Improvement In fatigue life should be 
significant, especially after long term thermal exposure of structural components. The 
fatigue crack propagation of other RS alloys, Al-8Fe-4Ce and Al-4.7Fe-4.7Ni-0.2Cr, were not 
found to be superior to that of 22 19-T87 when tested at 25 and 300°C (600®F) but, appar- 
ently, there was no long term exposure before testing (28). 

Fractographs for Lot 1 15 after high cycle fatigue at room temperature show the 
typical Assuring along prior ribbon boundaries which seems to be characteristic for these 
materials (Fig. 37). Fatigue stria tions were not observed In any of the samples examined, 
which Is attributed to the extremely fine grain size of the material. Fatigue crack initiation 
usually occurred at the surface of each specimen. However, two unusual failures occurred 
with internal initiation sites, both due to contaminants. The first was observed in the Lot 
115 material and involved premature failure at a relatively low maximum stress at which 
run-out was expected (Fig 38). Since SEM/EDAX analysis Indicated that the particle basi- 
cally had the same composition as the surrounding material, it was concluded that the 
Initiation site was agglomerated silicide formed during processing. The fracture surface of 
the particle had striation-like markings. The other case occurred In Lot 96 material after 
5.2x10® cycles and involved Initiation at a particle rich In Iron and chromium. This was 
attributed to a piece of stainless steel screen that had broken off during the powder separa- 
tion process (Fig. 39). Striation-like markings also were observed on the fracture surface of 
the particle, indicating stable fatigue crack growth In that region. 
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c) FAST FRACTURE REGION 


Fig. 37 Fracture Surface in FVS812 Alloy (Lot 115, 20 h Degas) 
After High-Cycle Fatigue (3.4 x 10 6 ~) at Room 
Temperature 
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Fig. 38 Fatigue Fracture In FVS81 2 Alloy (Lot 1 15, 20 h Degas) at 
Internal Initiation Site (321 ,000 ~) 
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Fig. 39 Fatigue Fracture in FVS81 2 Alloy (Lot 96, 2 h Degas) at 
Internal Initiation Site (5 x 10 6 ~) 
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5.3 FORMING TESTS 

Hot Forming - 90° Bends. The results of hot bending tests at room temperature to 500°C 
(930°F), with a 90° fixed bend angle and radii ranging from 0.79 mm (0.031 In.) to 4.76 mm 
(0. 188 in.) are presented In Table 5. Minimum bend radii, without cracking, are indicated 
for each condition tested. Slight cracking, as noted, refers to cracks that were no more 
than approximately 1.5 mm long and Intermittently spaced along the outside bend radius. 
At room temperature and up to 275°C (530°F), bends made with the bend-line perpendicu- 
lar to the sheet rolling direction had lower minimum bend radii and tended to crack less 
than bends made parallel to the rolling direction. The more recent FVS812 material. Lot 
335 (2 h degas) and Lot 340 (20 h degas), had lower bend radii at room temperature than 

the earlier material. But all lots of material exhibited poor bending at room temperature, 
when the bend-line was parallel to the rolling direction. 

The data Indicate that unidirectional formed parts, such as zees or channels, may 
be formable at room temperature when the bend-line Is perpendicular to the sheet rolling 
direction. Stiffeners formed in such a manner may be desirable because the FVS812 alloys 
have higher compressive yield strength in the transverse direction. In this work the zee- 
stiffeners used for the compression test panel were oriented for loading in the transverse 
direction. When forming was conducted at approximately 370°C (700°F) or higher, very low 
bend radii were possible in both sheet directions, with radii as low as 0.8mm (1/32 ). 

Spring back was negligible at these temperatures. Spring back at 80°C (175°F) was more 
pronounced than at the higher temperatures. Also, radii at this temperature were not as 
defined as at the other temperatures. 

The worst temperature range for forming was between 80 to 275°C ( 175-530°F), 
where minimum bend radii were higher and cracking was more severe. In some cases, as 
noted, excessive cracking occurred along the entire length of the outside bend radius, 
virtually separating the flanges. This minimum In ductility also was observed during 
tensile testing (Fig. 13) and Is attributed to dynamic strain aglng.(23. 24, 25). The hard- 
ness of the formed samples Increased when the forming temperatures were £275°C (530°F), 
as shown In Fig. 40. This Is consistent with the systematic increases observed In compres- 
sive yield strength in the L and T orientations after annealing at 300, 400, and 500°C (570, 
750 and 930°F) (Fig. 16). 

The effect of hot forming on dlspersoid stability and strength was evaluated by 
measuring hardness of formed samples at the maximum bend point, from the Inner to the 
outer radius of the bend, where the reductions In area were approximately 5%. Typical 
data, shown In Fig. 41, indicate that there was no change In hardness in the material 
compared with unformed material. Therefore, it appears that slight reductions in area 
during forming did not cause significant strain induced coarsening and softening. This 
correlated well with hardness measurements along the test gage of tensile specimens. In 
the uniform deformation region (5% reduction of area). Hardness did not change signifi- 
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Table 5 Minimum 90 s Band Radii of FVS812 Alloya 
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[4) Minimum bend radius >3T but actual minimum not determined 


can tly in that region as a result of tensile deformation. However, hardness in the highly 
deformed necked region (~ 35 % reduction in area) dropped about 5 %. which may be attrib- 
uted to strain coarsening (Fig. 42). This is consistent with previous work that showed rela- 
tively little strain-enhanced and non-strain-enhanced silicide coarsening at temperatures 
below 500°C (932°F) (6). In that work, grain size in the deformed samples was very similar to 
the as-received grain size after deformation at 600°C (11 12°F) and tensile properties were not 
degraded after short exposures at 500°C (932°F) up to 4 h. 



_i i i i 1 

200 400 600 800 1 000 

Forming Temperature, °F 


Fig. 40 Effect of Forming Temperature on Hardness of FVS81 2 Alloys 


Hot Formed Port with Contoured Flanae . A series of small parts with Joggled stretch 
flanges were fabricated with FVS812 alloy-Lot 1 10 (2 h degas). 1.6 mm (0.063 in.) thick 
sheet, by hot wipe-forming from 315°C (600°F) to 480°C (900°F) after various heating times 
ranging from 2-7 min. The Jog was 2.3 mm (0.090 in.) and the bend radius was 3.4 mm avg. 
(0.135 in.) Acceptable parts, free of cracks at the flanges or radii, were formed at tempera- 
tures S 370°C (700°F), as shown in Fig. 43. Some galling or smearing was observed on the 
outer surfaces of the flanges, where the punch wiped over the material during forming. It is 
believed that this effect can be eliminated or minimized with proper tool conditioning. 
Cracking occurred in the flanges during forming at 315°C (600°F). as shown in Fig. 44. 
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Fig. 41 Effect of Bending on Hardness of FVS812 Alloy (Lot 96, 2 h Degas) 
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Fig. 42 Effect of Tensile Loading on Hardness of 
FVS812 Alloy (Lot 96, 2 h Degas) 


Hot Formed Part: Pressure-Pad Draw Forming . A limited evaluation of hot draw forming 
the FVS812 alloy was conducted at 455-480°C (850-900°F ). Since an existing die was 
employed, which normally is used for forming 1.3 mm (0.050 In.) thick titanium alloy, Ti- 
6A1-4V, it was necessary to chemically mill the FVS812 alloy. Conventional hot and cold 
chemical milling solutions were evaluated, and. In each case, exceptionally smooth sheet 
surfaces were achieved after millin g from 1.6 to 1.3 mm (0.063 In. to 0.050 In.) thick. Form- 
ing resulted In complete tearing at the bottom of the cup. at both ends, as shown in Fig. 45. 
Two attempts were made to form the part, each with different soak times (0.5 and 1-h) at 
temperature. The failure sites were characterized by localized necking and tearing, which is 
consistent with the typically low strain rate sensitivity index, m, observed in this material(6, 
29). Since these alloys do not exhibit significant strain hardening, it is possible that exten- 
sive deep drawing may not be feasible. It was beyond the scope of this work to evaluate the 
effect of the significant deep-drawing variables, such as blank shape, clearance, punch and 
die comer radii, pad pressure, friction and lubrication, and punch speed. The design of 
drawing dies for irregular shaped parts is complex and analytical studies for work are 
llmlted(26, 30). Further work In this area Is recommended. 
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Fig. 43 Hot-Formed Part with Contoured Flange 
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Fig. 44 Formed Part at 315° C (600°F) Showing Tearing 
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5.4 WELDING 


Easing. 

Electron beam (EB) welding. Electron Beam welds were made in the flat, horizontal and 
vertical positions for both FVS812 alloy degas conditions. Lots 96 (2 h) and Lot 1 15 (20 h). 
The energy input required to produce autogenous welds was approximately 25% less than 
that required for a typical wrought aluminum alloy such as 5052 (Table 6). All EB welds on 
the FVS812 alloy exhibited violent. Incendiary-like outgasslng during welding, which was 
promoted by the vacuum condition Inherent with the EB process. Welding position or alloy 
degas condition did not diminish the violent outgasslng. Radiographs of the weldments and 
visual inspection revealed massive void formation, as shown In Fig. 46 for an EB butt weld 
In the horizontal position. Beam oscillation during welding, both longitudinal and trans- 
verse, was employed In the attempt to Improve weld quality but proved to be Ineffectual. 
Excessive sllicide coarsening and formation of primary intermetallic phase due to thermal 
exposure and melting were observed (Fig. 47). In the weld metal, the long needles tend to be 
Ali 3 Fe 4 (Si) and the blocky particles are Al 7 (Fe,V) or Al 13 (Fe.V) 4 (20). 

Table 6 Electron Beam Welding Parameters 


Alloy 

Voltage 

kv 

Current 

mA 

Travel Speed 
mm/s (ipm) 

Energy Input 
kJ/mm (kJ/in.) 

AI5052 

25 

50 

50(50) 59.1 

(1.50) * 

FVS812 

25 

40 

55(55) 42.9 

(1.09) * 


‘Typical acceptable weld parameters 

Extended degassing did not have any significant effect on reducing porosity and 
massive void formation during EBW, even though such an effect was evident during gas- 
tungsten arc welding. Due to the extreme severity of the outgasslng problem no further work 
was performed using the EB welding process. Therefore, it was not possible to determine if 
optimization of EBW parameters would lead to minimization of sllicide coarsening and ac- 
ceptable weld joint efficiencies. Other work on electron beam welding of degassed FVS812, 
with hydrogen levels at approximately 4 wppm. Indicated that relatively fine microstructures 
were retained but weld porosity was not eliminated (31). Defect-free, high Integrity EB welds 
were produced In RS-PM Al-8Fe-2Mo. 0.65 mm thick sheet, with hydrogen below 1 wppm 
(32). Mi nimiza tion of weld energy Input resulted In an extremely fine microstructure and 
weld Joint efficiencies over 85% but with significantly lower ductility. Based on these results, 
further research on the effect of Improved degassing treatments, lowered hydrogen contents 
and sheet thickness on EBW Is recommended. 
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a) WELD CROSS SECTION 



b) POROSITY IN WELD METAL 


Fig. 46 Electron Beam Weld in FVS812 Alloy (Lot 1 15, 20 h 
Degas) 
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a) WELD METAL: CENTER 



b) WELD METAL: EDGE 

Fig. 47 Microstructure of Electron Beam Weld in FVS812 Alloy 
(Lot 115, 20 h Degas) 
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Gas-tungsten-arc welding. Smooth, continuous autogenous welds were produced in both 
alloy degas conditions (Lot 96 and Lot 1 15) with no visual Indications of cracks or porosity. 
Welds were made with various energy Inputs In the 20 h degassed material by systemati- 
cally varying travel speed. The welding parameters are presented In Table 7. The baseline 
energy input was 228 kJ/m (5.78 kJ/ln.), however, energy inputs as low as 127 kJ/mm 
(3.22 faj/in.) and as high as 650 kJ/m (6.50 kJ/in.) were achieved. Even the highest 
energy welds retained acceptable visual characteristics without significant undercut or 
excessive drop through. 


Table 7 Gas-Tungsten-Arc Welding Parameters 


Voltage 

V 

Current 

A 

Travel Speed 
mm/s (torn) 

Energy input 
kJ/mm (kJ/in) 

19.5 

55 

8.5 

(20.0) 

126.8 

(3.2) 

19.0 

55 

7.2 

(17.0) 

144.9 

(3.7) 

18.5 

55 

5.9 

(14.0) 

171.7 

(4.4) 

18.0 

55 

5.1 

(12.0) 

194.9 

(5.0) 

17.5 

55 

4.2 

(10.0) 

224.4 

(5.7) * 

17.5 

55 

3.4 

(8.0) 

284.3 

(7.2) 

17.5 

55 

2.5 

(6.0) 

379.1 

(9.6) 

17.5 

55 

1.5 

(3.5) 

653.1 

(16.6) 


"Typical acceptable weld parameters. 


Radiographs of welds on the standard 2 h degassed alloy using the baseline 
energy input 228 kJ/m (5.78 kJ/in.). showed extensive, fine, linear porosity at all edges of 
the weld. Cross sections of these welds Indicated that the porosity was stacked to all 
depths at the weld edges. Careful examination of the porosity revealed that it was migrat- 
ing from the fusion Interface with the base metal towards the center of the weld. Radio- 
graphs and cross sections of welds made on the 20 h degassed material using the baseline 
energy Input showed much less porosity (Fig 48). However, the continuous linearity of the 
porosity at the edge of the welds made them unacceptable to the requirements of NASA 
MSFC-SPEC-504B for a Class I weld. Radiographs of the welds made at the fastest speed 
(lowest energy Input) showed the porosity to be scattered throughout the weld In addition to 
being stacked at the edge (Figs. 49 and 50). As welding speed decreased and energy input 
Increased, the scattered porosity near the center of the weld pool had additional time to 
escape the weld and was finally eliminated at the slowest speeds, leaving only the edge 
porosity. However, porosity was never completely eliminated by controlling energy. It must 
be concluded that although porosity was greatly reduced In the 20 h extended degassed 
material, it was never totally eliminated. Qualitatively, based on the appearance of weld 
cross-sections, porosity in the extended degassed material was reduced approximately by 
an order of magnitude. This dramatic reduction doesn’t appear to correlate well with the 
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Fig. 48 Porosity in Gas-Tungsten Arc-Welded FVS812 Alloy 











a) 127 KJ/m (3.22KJ/in.) 



b) 228 KJ/m (5.78 KJ/m.) 



c) 650 KJ/m (16.50 KJ/in.) 


Fig. 49 Effect of Weld-Energy Input on Cross Section of Gas-Tungsten ARC 
Welds in IFVS 812 Alloy (Lot 115, 20 h Degas) 
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b) 228 KJ/m (5.78 KJ/in .) c ) 650 KJ/m ( 16 50 

Fig. 50 Effect of Weld-Energy Input on Porosity in Gas-Tungsten Arc 
Welds in FVS812 Alloy (Lot 115, 20 h Degas) 
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reduction in hydrogen concentration which was approximately 20 %. A similar effect was 
observed in GTA welding of Al-10Fe-5Ce but was not explained (33). 

As expected, silidde coarsening increased with weld energy input, as shown in Fig. 
50. The formation of primary intermetallic phases, similar to EB welds, occurred as a result 
of GTA welding (Fig. 5 1). In general, the size of the primary phase particles formed in the 
weld metal was cooling rate dependent. A relatively fine primary phase spacing in the weld 
metal occurs near the heat-affected zone (HAZ). A comparison of this region between typical 
EB and GTA welds shows that the relatively lower heat input of the EB process resulted in 
less microstructural coarsening (Fig. 52). Of interest is the relatively whitish, particle-free 
zone in the weld metal, which was consistently observed in both types of welds, as shown in 
Fig. 52 and 53. This zone looks like a typical overaged region found in conventional heat- 
treatable aluminum alloys. But the FVS812 alloy is not solution heat-treatable in the classic 
sense, i.e., strengthening precipitates cannot be placed into solution by heating and rapid 
cooling. Instead, the evidence indicates that this region is largely a rapidly solidified 
mlcrocellular structure, containing very fine primary silicide dlspersolds that are non- 
etching due to their fineness, i.e., “A-zone" structure (20, 32, 34). This region of the weld 
metal did not indicate the presence of chemical segregation based on SEM/EDAX analysis 
and had very high hardness ( Knoop, KHN, 170) compared with KHN 157 of the base metal 
and KHN 100 at the weld center. It is believed that the effect observed in this case results 
from complex weld thermomechanical interactions, and that, in part, material expansion 
during welding produces the upset at the weld edge (Fig. 53). 

The tensile properties of GTA butt welds in 20 h degassed FVS812, made without the 
addition of filler wire, were determined for three conditions: as-welded-tested at RT. welded + 
exposure at 315 °C/ 100 h-tested at RT. and welded + exposure at 315 °C (600°F) / 100 fa- 
tested at 315 °C (600°F) (Table 8). Based on these results, it is clear that fusion welding 
significantly degrades base metal strength and ductility for these conditions. Weld strength 
is reduced more than half that of base metal and RT ductility is reduced to less than one 
percentThis degradation is attributed to silicide coarsening and embrittlement that occurs 
during welding. as shown in the fractograph in Fig. 54. Fracture typically occurred through 
the coarse primary intermetallic region of the weld metal. Since embrittlement was so 
severe, it was concluded that even perfectly porosity-free welds could not improve strength 
or ductility. Similar results were determined for GTA welding of Al-Fe-Ce RS-PM alloys (33. 
35). 
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a) WELD METAL: CENTER 



c) NEAR HAZ 


Fig. 51 Fusion-Zone Microstructures of Gas-Tungsten Arc Welds 
in FVS812 Alloy, Lot 115, 20 h Degas (228 k|/m (5.78 
kj/m)) 
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a) EB WELD 



b) GTA WELD 

Fig. 52 Comparison of EB and GTA Welds In FVS812 Alloy 
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Fig. 53 Cross Section of GTA Weld In FVS812 Alloy 



Fig. 54 Tensile Fracture Surface of GTA Weld in FVS812 Alloy, 
Lot 115, 20 h Degas, As-Welded 
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Remittance Snnf Welding . The starting point for parameter development were weld sched- 
ules for conventional high strength aluminum alloys, previously certified to M11-W-6858D, 
Class A and modified as necessary to produce acceptable weld quality on the FVS812 alloy. 
Initial tests Indicated that the slightly higher weld and foige forces used on 2024-T3 mate- 
rial produced welds with less porosity than the lower forces used In welding 6061-T6. All 
subsequent welding was performed with the higher weld and foige forces. The certified 
weld schedule was used for all parameters except that the weld current was reduced by 
approximately 25% to eliminate expulsion during welding. A summary of the weld param- 
eters is shown In in Table 9. 

Table 9 Initial Spot Weld Parameters 

Machine Type and Rating: Sciaky 3 Phase Frequency Converter rated at 1 00 kVA and 

63,000 secondary amps, equipped with a Weld ComputerTM 
microprocessor controller with weld expansion monitoring 
capability. 

Electrodes: RWMA Class 1 , 1 1 .1 mm (7/1 6 in.) face dia. by 25.4 cm (1 0 in.) radius 
Squeeze Time: 25 cycles 
Hold Time: 25 cycles 
Weld Heat Time: 3 cycles 

Weld Heat Percent: 52% for High Temperature Alloy, 70% for 2024-T3 
Current Decay Time: 6 cycles 
Current Decay Percent: 25 
Weld Force: 5.34 kN (1200 lb) 

Forge Force: 13.79 kN (3100 lb) 

Forge Initiation Delay: 4 cycles from start of Weld Heat Time 


During the parameter development tests, it was observed that the rate of expan- 
sion for FVS812 was greater during the latter part of the weld cycle than that for 2024-T3 
Al. This higher rate of expansion and heating was apparently the cause of the porosity and 
expulsion that occurred late In the weld cycle. A reduction of approximately 25% in weld 
current reduced the rate of expansion so that it more closely followed that of the 2024 alloy. 
This elimina ted the expulsion and greatly reduced the porosity found In the weld with an 
approximate 10% reduction In average shear strength. 

Radiographic tests on welds produced with the certified weld schedule were found 
to be acceptable according to the requirements of M11-W-6858D Class A. Shear strength of 
the welds was considerably below that of 2024-T3 and did not meet the minimum require- 
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merits of MIL-W6858D. Also, ductility was low In comparison to 2024 A1 but acceptable to 
the minimum requirements of Mil-W-6858. Initially, the consistency of shear strength and 
the porosity observed In metallurgical cross sections also were not acceptable to Mil-W- 
6858. Shear strength consistency Improved with subsequent testing, to be discussed. 
Cross tenslle-to-shear strength ratios were acceptable to the Mil-specification but consider- 
ably below the 0.5 to 0.7 range usually found In other aluminum alloys (Table 10). 

Table 10 Resistance Spot Weld Properties 


Initial Weld Schedule Test Panel Schedule 



Lot 115 

Std. Dev 

Lot 340 

Std. Dev. 

Average Shear, kN (lb) (1 ) 

2.8 



3.0 



High Shear, kN (lb) 

3.6 

(800) 


3.3 

(740) 


Low Shear, kN (lb) (2) 

2.3 

(520) 


27 

(600) 


Variation In Shear (3) 

0.44 

(0.44) 


0.21 

(0.21) 


Cross-Tensile Strength, kN (lb) 

1.0 

(217) 

(45) 

1.0 

(213) 

(42) 

Cross-Tensile: Avg. Shear Ratio 4) 

0.34 

(0.34) 


0.32 

(0.32) 


Weld Diameter, mm (in) 

5.8 

(0.23) 

(0.01) 

5.8 

(0.23) 

(0.01) 


(1) Mil-W-6858 minimum average for 386 MPa (56 ksi) ultimate strength -3.74 kN (840 lb) 

(2) Mil-W-6858 minium reqquired single shear-2.98 MPa (670 lb) 

(3) (high-low)/average, Mil-W-6858-0.25 

(4) Mil-W-6858 minimum required ratio-0.25 


The FVS812 alloy appears to be readily resistance spot welded. Including the stan- 
dard 2 h degassed and the extended 20 h degassed materials. In general, the resistance 
welding characteristics for both conditions were similar, but there does appear to be an 
effect of degassing time on strength and weld porosity. In the extended 20 h material, spot 
-weld shear strength Is Increased approximately 6 % compared with the 2 h degassed 
material (Table 1 1). and porosity at the weld center is significantly reduced, as shown In 
Fig. 55. These results indicate that extended vacuum degassing Is effective in reducing 
porosity and should be further Investigated. 


Table 1 1 Comparison of FVS 81 2 Spot Weld Shear Strength 


Alloy 

Lot* 

Degas 
Time, h 

Average Shear Strength 
kN lb 

Strength 
Variation (1) 

110 

2 

2.71±0.14 

610±32 

0.16 

115 

20 

2.89±0.27 

649160 

0.25 

335 

2 

2.8010.32 

630171 

0.35 

340 

20 

2.94±0.16 

660±35 

0.15 

(1 ) (high-low)/average, Mil-W-6858 « 0.25 max 
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a) 20 h DEGASSED b) 2 h DEGASSED 

Fig. 55 Effect of Billet Degassing on Spot-Weld Porosity in FVS812 Alloy 



Coarsening of the strengthening slllddes and formation of primary intermetaUic 
phase In the re-cast weld zone occurred during welding and Is similar to that observed for 
fusion welding. The effect of weld thermal exposure on mlcrostructure Is shown in Fig. 56 
and 57. There was relatively less coarsening than that observed in the fusion welds, and 
hardness was lower through the weld metal region (Fig. 58). 

The static shear strength and S-N behavior of single-spot welds in FVS812 (Lot 
340. 20 h degassed) was determined at 20. 200, and 315 °C (68. 392 and 600°F) . At 200 
°C (392°F) . the static shear strength Is slightly higher than that of room temperature, and 
at 315 °C (600°F) is decreased to about 80% that of room temperature ( Table 12). A similar 
effect was observed for fatigue tested FVS812 spot welds (Fig. 59). In comparison, the 
tensile strength of unwelded base metal tested at 200°C (392°F) drops to about 70 % that of 
the room temperature value, and at 315°C (600°F) it drops to 45 % (Fig. 13). It appears 
that spot weld strength was increased as a result of short time exposure at 200 and 
315 C.(392 and 600°F), perhaps by Improved bonding In the diffusion bond region sur- 
rounding the cast zone. The Increase In strength at 200°C (392°F) also may be related to 
dynamic strain aging. The fracture surface of an FVS812 spot weld statically tested at 
315°C (600°F) (Fig. 60) shows the characteristic elongated dimple rupture of the outer 
diffusion bonded corona region after shear failure. The large particle shown on the fracture 
surface was analyzed to be silicon rich. 


Table 1 2 FVS 81 2 Alloy — Spot Weld Shear Strength 


Test Temperature Shear Strength Load Fraction, P/Po 


°c 

•F 

kN 

lb 


20 

68 

3.11±0.30 

699169 

1 

200 

392 

3.27±0.24 

735155 

1.05 

315 

600 

2.6510.33 

596175 

0.65 


(20 h Degassed Material, Single Spot) 


The effect of test temperature on the strength of spot welds Is compared with 
2024-T81 (Fig. 61). The load fraction, normalized to spot weld strength at room tempera- 
ture. reflects the change In strength with temperature. The effect of temperature on 2024- 
T81 spot welds is more severe. These results Indicate that spot welds In FVS812 have 
excellent high temperature behavior due to the good stability of the strengthening disper- 
soids. The effect of long- term thermal exposure on weld strength was not determined but. 
based on tensile behavior, little effect would be expected. 

The S-N fatigue behavior of single-spot welds In FVS812 (20 h degassed) was 
determined at 20. 200, and 315 °C (68, 392 and 600°F) and is compared with 2024-T81 
(Fig. 62). The load fraction, normalized to spot weld strength at room temperature, reflects 


74 



Fig. 56 Typical Microstructures in . FVS812 Spot V\ 








Fatigue Cycles 
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Fig. 60 Fractographs of Tensile-Shear Surface of FVS812 (Lot 340, 20 h Degas) Spot Weld, Test Temperature 315°C (600°F) 
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Fig. 61 Effect of Temperature on Load Ratio of 
Spot Welds in FVS812 Alloy and 2024-T81 


t B Lot:A340 (20 h Degassed) 
□ 2024-T81 



20(68) 200(392) 315(600) 


Test Temperature, T°C (°F) 
(Load Fraction Normalized to 20 °C 
Tensile-Shear Spot Weld Strength) 



Fig. 62 Effect of Temperature on Fatigue Life of FVS812 Alloy 
(20 h Degassed) 
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Fig. 63 Typical Fatigue Fracture in FVS812 Alloy 


the change in fatigue behavior with temperature. At 200°C (392°F). the S-N behavior of 
FVS812 closely parallels the room temperature results. At 315°C (600°F), the S-N 
behavior of FVS812 Is similar to that of 2024-T81 data at room temperature. A typical 
“normal” fatigue failure at the circumference of an FVS812 spot weld Is shown in Fig. 63. 
These results Indicate good fatigue resistance of FVS8 12 spot welds and demonstrate that 
they have not been embrittled by the relatively large primary intermetallics observed at 
the weld center. 

Shunting of adjacent welds appeared to be less of a problem than with conventional 
alloys and thus permitted closer weld spacing. This was attributed to the lower measured 
electrical conductivity of FVS812 compared with 2024 A1 ( i.e., 25.8% IACS versus 31.8% 
IACS). Also. FVS812 exhibited excellent resistance to deformation adjacent to the electrodes 
during welding and thus allowed for significantly reduced minimum edge distances. There- 
fore, It was decided to establish weld parameters for the 1.6 mm (.063 In.) thick material 
with a flange width of 14.2 mm (0.56 In.) Instead of the normally used 19.1 mm (0.75 
In.) for conventional aluminum alloys. Welds on 2024-T3 using the lower edge distance 
showed edge bulging and cracking, while those on the FVS812 alloy were acceptable. A 
slight reduction In the diameter of the electrode face, from 11.1 mm (7/16 In.) to 9.5 mm 
(3/8 In.), resulted In a higher pressure per unit Inch acting on the weld. As a result of this 
change it was possible to obtain the same shear and cross tensile values at a 5% reduction in 
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weld current and meet the consistency requirements of M11-W-6858D (Table 9). The 
parameters used to fabricate the zee-stifTened test panel are presented in Table 13. 

Although FVS812 exhibited generally good resistance weldability, it is believed 
that weld strength and consistency can be improved by further work to optimize weld pa- 
rameters, such as electrode face diameter and radius, weld and forge forces and their ratio, 
and possibly varying the magnitude of the weld current during the cycle to reduce porosity 
levels. Also, additional work is suggested to optimize joint design criteria, such as minimum 
edge distance, weld spacing and spacing of multiple rows of welds. The use of high tempera- 
ture adhesives and resistance welding to fabricate weld-bonded joints is another area of 
possible development. 


Table 13 - Spot Weld Parameters for Compression Test Panels 

Machine Type and Rating: Sciaky 3 Phase Frequency Converter rated at 100 kVA and 63,000 

secondary amps, equipped with a WeldComputerTM 
microprocessor controller with weld expansion monitoring capability. 
Electrodes: RWMA Class 1 , 9.5 mm (3/8 in) face dia. by 25.4 cm (10 in) radius 
Squeeze Time: 25 cycles 
Hold Time: 25 cycles 
Weld Heat Time: 3 cycles 
Weld Heat Percent: 50 
Current Decay Time: 6 cycles 
Current Decay Percent: 25 
Weld Force: 5.34 kN (1200 lb) 

Forge Force: 13.79 kN (3100 lb) 

Forge Initiation Delay: 4 cycles from start of Weld Heat Time 



5.5 ZEE-STIFFENED COMPRESSION TEST PANELS 


structural Analysis. Three small-scale, zee-stiffened compression test panels were de- 
signed and fabricated as part of the evaluation of the FVS812 alloy: 

• A riveted panel with FVS812 aluminum zees and skins. (Fig. B- 1 to B- 
4) 

• A resistance spot-welded panel fabricated with FVS812 aluminum zees 
and skins. (Drawing TGP-1 106, TCP- 1106 Is Identical to TGP 1 105 
except for stiffener size, which Is Indicated In Fig. B-5) 

• A baseline riveted panel with 2024-T62 aluminum zees and a 2024- 
T8 1 aluminum skin (Drawing TGP- 1 104 Is Identical to TGP- 1105 
except for the sheet rolling orientation, which Is indicated in Fig. J3-6). 

The geometrical configuration was obtained by trial-and-error using the 
Grumman CUKVPANL computer program ((36)) and associated room temperature material 
properties. This program is based upon the analysis procedures described In the Grumman 
Structures Manual and results In the near optimum design for the constant thickness 
stiffener and skin shown In Fig. 64. The stiffeners are 216 mm long (8 1/2”) and have 25.4 
mm (1.00 In.) deep zees, with an attached flange length of 14.3 mm (0.562 In.) and an 
outstanding flange width of 12.7 mm (0.500 In.). The 1.6 mm (0.062 in.) thick stiffeners 
have a 2.3 mm (0.090 In.) bend radius and are spaced at 57.2 mm (2.25 In.). The zees are 
fastened to a 1.6 mm (0.062 ln.)-thlck sheet with 3.2 mm (1/8 in.)diameter NAS1200M4 
Monel countersunk rivets. Details of the panel assembly, end potting details and strain 



1) RIVETED PANELS: DRAWINGS TGP 1104, 1105 

2) LENGTH OF PANEL IS 216 mm (8.50 in.) 

3) SPOT-WELDED FVS 812 PANEL IS DETAILED IN DRAWING TGP-1 106 


Fig. 64 Geometry of Zee-Stiffened Compression Test Panel 
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gage locations are given In Drawings TGP-1 104. -1 105 and -1106. Hie strain gages are 
located along the two faces of the sheet and outstanding flanges to track the onset of sheet 
and stiffener buckling. 

The static tensile stress-strain properties used in the stability compression analy- 
ses are listed In Table 14. The properties used for 2024-T81 and 2024-T62 aluminum are 
respectively based upon MIL-HDBK-5 “B" basis and ‘S’ basis values, while the FVS812 
properties are based upon the results of tests from specimens fabricated from the actual 1.6 
mm (0.062 in.) sheet used to fabricate the zee-stiffened panel. It Is noted that typical room 
temperature compression yield strengths of 2024-T81 and -T62 are respectively 10% and 
20% higher than the statistically based curves. Hence, the compressive falling load of the 
baseline 2024 panel Is expected to be about 15% higher than the load predicted with these 
stress-strain curves. The compression stress-strain curves for the three alloys used In the 
panels are plotted In Fig. 65. As shown In the figure, the elastic modulus of the FVS alloy is 
appreciably higher than that of the 2024 alloys but the plastic stress-strain curve lies 
between the two 2024 alloys for strains up to 0.85%. Also, it Is noted that the density of the 
new alloy Is approximately 5% higher than that of the 2024 alloys. CUKVPANL calculations 
predict stress allowables corresponding to several possible compression failure modes. 



0 000 0.005 _ A . 0.010 0.015 

Strain 

Fig. 65 Compression Stress-Strain Curves for FVS812, 2024-T81 and 2024-T62 Aluminum 
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Table 14 Room Temperature Mechanical Properties Used for CURVPANL 
Compression Strength Analysis 


(^Property 

0)2024-T81 

(2)2024-T62 

(3)FVS0812(LT) 

FVS0812(L) 

E (t), GPa (msi) 

72.4 (10.5) 

72.4 (10.5) 

85.8 (12.4) 

85.5 

(12.4) 

E (c), GPa (msi) 

73.8 (10.7) 

73.8 (10.7) 

84.1 (12.2) 

81.4 

(11.8) 

Eavg. GPa (msi) 

73.1 (10.6) 

73.1 (10.6) 

84.8 (12.3) 

83.4 

(12.1) 

F tu , MPa (ksi) 

468.9 (68.0) 

441.3 (64.0) 

448.9 (65.1) 

455.8 

(66.1) 

Po.7 <*)• MPa ( ksi ) 

424.7 (61.6) 

344.8 (50.0) 

406.8 (59.0) 

406.8 

(59.0) 

n (t) 

21.0 

26.0 

4.4 


4.4 

p 0.7 ( c >- MPa O* 8 *) 

422 (61.2) 

344.8 (50.0) 

384.1 (55.7) 

316.5 

(45.9) 

n (c) 

17.0 

22.0 

5.8 


4.9 

(^F^, MPa (ksi) 

417.1 (60.5) 

344.8 (50.0) 

385.4 (55.9) 

328.2 

(47.6) 

p 0.7 ( s )- MPa (ksi) 

423.3 (61.4) 

344.8 (50.0) 

395.8 (57.4) 

361.3 

(52.4) 

n (s) 

19.0 

24.0 

5.1 


4.7 


NOTES: 

(1) *B* basis properties (t £ 6.4 mm (0.25 in)) stored in CURVPANL; note, F^ - 462 MPa (67 ksi) (typical). 

(2) S* basis properties (t s 1 2.7 mm (0.50 in)) stored in CURVPANL; note, - 41 3.7 MPa (60 ksi) 
(typical). 

(3) Grumman test data, average of 2 specimens, t - 1 .6 mm (0.062 in). 

(4) E is elastic modulus( (t)ension, (c)ompression, (s)hear or avg.), Fq 7 and n are Ramberg-Osgood 
parameters for tension or compression stress-strain curves and F tu is ultimate tensile strength of the 
material. 

(5) Values of (F^) are calculated from Ramberg-Osgood parameters associated with “B" or a S* basis 
stress-strain curves. 

Note : Fgy (typical) - 462 MPa (67 ksi) for 2024-T81 and Fgy (typical) - 413.7 MPa(60 ksi) for 2024-T62. 
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ihrcc fi inHamp n tfll modes of sheet and stiffener deformation are considered In 
the initial bu ddin g stress calculations: flexural, torsional and local. The flexural mode is 
characterized by bending of the sheet and Is characterized by out-of-plane distortion of a 
line through the stiffener attachments. This mode Is associated with Euler buckling (no 
distortion of stiffener cross-section) for long buckle lengths, with the wrinkling/forced- 
crippllng behavior for short buckle lengths and with inter-rivet buckling for very short 
buckle wave lengths. Wrinkling involves local distortion of the stiffener without appreciable 
bending and inter-rtvet buckling Involves separation of the sheet between stiffener attach- 
ment points, where the stiffener remains straight and undistorted. The torsional mode is 
characterized by twisting of the stiffener and rotation of the sheet about the stiffener at- 
tachment lines. Finally, the local mode Is characterized by stiffener distortion and rotation 
of the sheet about the stiffener attachment lines. Coupling of these modes can result In 
appreciably lower buckling stresses than In any one of the fundamental modes. 

The post-buckling behavior of the panels depends upon the predicted Initial 
stability stresses. Although there is no closed form analysis available that can predict this 
behavior for flat or curved stiffened panels, the CURVPANL program calculates the post- 
buckled strength based upon the critical edge stress (Fcx) of the stiffener or skin and the 
corresponding average skin buckling stress (F av skn)- These two stresses are dependent 
since the sheet properties affect the axis about which the sheet deforms and the average 
stress In the buckled skin depends upon the initial buckling stress of the stiffener. The 
compressive falling stress of the panel, Fc, Is given by: 

Fc = (Fcx Agtlff + Favskn *1) / (As tiff + *1 ) • 

where AatifT is the total area of the stiffeners, w Is panel width and t Is the skin thickness. 

As shown In Table 15. the predicted allowable stresses for skin and stiffener 
failure modes are shown for each zee-stiffened panel. The compression buckling stress for 
the 2024 skin (35.2 ksi) Is slightly lower than that of the FVS812 skin 256.5 MPa (37.2 ksl). 
The post-buckling strengths of both test panels are limited by the forced-crippling and 
flexure-torsion modes, both of which occur nearly simultaneously. It is also noted that the 
slightly higher predicted average falling skin stress (F a vskn) for the 2024 panel is balanced 
by the slightly lower stiffener falling stress (Fcx). resulting In nearly identical failing loads 
for the two panels (P = 183 kN (41.1 kips) for the 2024 panel and P = 186.4 kN (41.9 kips) 
for the FVS panel). However, It should again be pointed out that the 2024 prediction Is 
based on Mil-Hdbk-5 statistical values as compared to the FVS prediction based on mea- 
sured properties. Hence, the 2024 panel Is actually expected to fall at approximately 209 
kN (47 kips) If predictions had been based upon typical stress-strain curves. Verification of 
the compressive stress-strain curves should be performed later, with compression test 
specimens fabricated from the failed 2024 panel. 
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Table 15 Predicted Failure Stresses for Zee-Stiffened Aluminum Compression 

Panels at Room Temperature 


(^Predicted Stress Allowables 
MPa (psi ) 


2024-T81 (skin) 
2024-T62 (stiff’r) 


FVS0812 (LT) 
(skin & stiff r) 


mu 


Comp. Buckling Stress, Fcc r 

-242.7 

(-35,205) 

-256.3 

(-37,178) 

Wrinkling Stress, F W r 

-330.7 

(-47,969) 

-359.3 

(-52,106) 

Edge Stress (strain), Fcx 

-356.6 

(-53,027) (£--0.0052) 

-359.4 

(-52,120) (e - -0.0056) 

Avg. Skin Stress, F a vskn 

-296.3 

(-42,976) 

-279.2 

(-40,499) 


Stiffener: 


Euler Buckling, FEuler 

-342.6 

(-49,691) 

-454.8 

(-65,968) 

Stiffener Crippling, F C rip 

-356.3 

(-51,674) 

-444.1 

(-64,410) 

FlexTTors. Buckling, Ffixtor 

-328.9 

(-47,707) 

-373.2 

(-54,123) 

Forced Crippling, Ff c 

-335.9 

(-48,714) 

-372.5 

(-54,021) 

Edge Stress (strain)* Fcx 

-330.6 

(-47,947) (£--0.0052) 

-359.4 

(-52,120) (e - -0.0056) 

Panel: 

Section Crippling Stress, Secrip 

-343.6 

(-49,831) 

-420.6 

(-61,000) 

(2)compressive Failing Load, P, MN (lb) 

.183 

(41,140) 

.186 

(41,900) 

Compressive Strength, F c , MPa (psi) 

313.4 

(45,460) 

319.2 

(46,300) 

( 3 )Spedfic Compr. Strength, Fc/p 

113.1 

(450,100) 

109.7 

(440,950) 


NOTES: 

(1 ) Allowable stresses obtained from CURVPANL computer program with section properties obtained from 
YFUDGE program. See Reference 2. 

(2) P - Fgvskn * Askin + Fcx x where Agkin - .186 x 0.0016 - 2.93 x lO^m 3 (7.312 x 0.062 - 
0.453 in 2 ) and Astiff - 0.1 x 0.0029 - 2.9 x loAn 3 (4 x 0.1134 - 0.452 in 2 ) and F c - P/(Askin + A s tiff) 

(3) Density (p): 2024 - 2.77 g/cc (0.1 00 lb/m 3 ) and FVS812 - 2.91 g/cc (0.105 lb/in 3 ) 
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When room temperature testing Is completed. It Is proposed that additional 
FVS812 alloy panels be fabricated to demonstrate the high temperature compression 
strength advantages of this new material. Appreciable weight savings may be achieved using 
FVS812 In a compression application with prior elevated temperature exposure. For ex- 
ample, the room temperature compression (and tension) yield strengths of 2024-T62/-T81 
are both reduced to approximately 2/3 of their room temperature yield strengths after 1,000 
hours of thermal exposure at 177°C (350°F) (See Mll-Hdbk-5E) while the yield strength of 
FVS812 Is not degraded. Hence, considering the density and the compression yield of 
FVS812 compared to 2024 aluminum, a potential weight savings of approximately 25% may 
be obtained. 

Fobrfcnrion . The following zee-stiffened compression test panels were fabricated: a baseline 
riveted panel with 2024-T62 aluminum zees and a 2024-T81 aluminum skin, a riveted panel 
FVS812 al uminu m zees and skins, and a resistance spot-welded panel fabricated with 
FVS812 aluminum zees and skins (Fig. 66-68). 



TGP-1104 

Fig. 66 Baseline Riveted Panel: 2024-T62 Zees and 2024-T81 Skin 
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TGP-1105 

Fig. 67 Riveted Panel: FVS 812 Alloy 


The wavy as-received FVS 812 alley sheet-Lot 340 (20 h degas) used for the panel 
skins were flattened by manually clamping the 1.6 mm (0.063 in.) sheet between stainless 
steel sheet and holding at 370°C (700°F) for 24 h. The 2024-T81 sheet used for the skin of 
the baseline riveted panel did not require flattening. 

A cross-section from typical FVS812 stiffener at the 2.4 mm (0.090 in.) bend is 
shown in Fig. 69; the bend resulted in an approximate 4% thickness reduction. 

Testing. After fabrication, surface flatness and stiffener straightness measurements were 
made on each of the panels preparatory to testing. For flatness measurements, a grid of 
forty two measurement points were marked on each panel as shown in Fig. 70 (drawing 
number TGP- 1104 Sheet 5). Each panel was supported at three points using ground, 2- 
in.- high, gage blocks, as shown in Fig. 71. The support blocks were positioned under 
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TGP-1106 

Fig. 68 Resistance Spot-Welded Panel: FVS 812 Alloy 


points Al, Gl. and E6. Heights were measured at each point with a Mitutoyo digital height 
gage by adjusting the height to a zero reading on the dial Indicator, then reading the digital 
output on the height gage. Zero shift was checked by re-measuring point Al at the end of 
each set of panel measurements. Repeatability of measurements was determined by mea- 
suring point D3 on panel TBP-1 106 ten times. An average height of -0.03 mm (-0.0012 in.) 
was obtained, with a standard deviation of 0.01 mm (0.0004 in). 

Each stiffener was measured for straightness at six points, corresponding to 
locations 1-6 of the panel flatness measurements. The stiffener measurements were made 
at a point 18.8 mm (0.74 in.) above the base of each stiffener as shown in Fig. 70. The 
panels were positioned vertically, and clamped lightly to a ground angle support as shown in 
Fig. 71. The same digital height gage and dial indicator setup was used for both the panel 
straightness and flatness measurements. For the stiffener straightness measurements, the 
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height indicator was zeroed at point 1 on each stiffener, making the measurements reported 
for each stiffener relative to that point. Zero shift was checked by re-measurlng point 1 on 
each stiffener at the end of each set of measurements. The results are presented in the ap- 
pendix. 

Preparations to test the panels at room temperature under compressive loading are 
In progress at the NASA Langley Research Center structural test facility. 



Fig. 69 Typical Cross Section of FVS812 Zee Stiffener, 2.4 mm 
(0.090 in.) Bend Radius 
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Fig. 70 Compression Panel Flatness Measurements (Dwg. TGP-1104) 
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b) STIFFENER STRAIGHTNESS 

Fig. 71 Set*Up for Flatness and Straightness Measurements 
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6. SUMMARY AND CONCLUSIONS 

1. The FVS812 alloys exhibited excellent high-temperature strength stability. There was no 
significant effect on strength after thermal exposures up to 315°C (600°F) for 1000 h. 

Tensile ductility appeared to be sensitive to long-term thermal exposure; minimum values 
for all conditions >5% elongation. The apparent fluctuations In ductility, especially after 
thermal exposure, are not entirely explained and remain In need of further clarification, 
particularly if reliable design allowables are to be developed. The effects of dynamic strain 
aging on tensile ductility and other properties, such as toughness and fatigue crack Initia- 
tion and growth, must be further explored. 

2. The tear resistance of the FVS812 alloys were excellent compared with other aluminum 
alloys, particularly In the L-T direction. The lower T-L values were most likely associated 
with the low fracture resistance of prior ribbon particle boundaries. This characteristic 
must be carefully considered when developing structural design data. A minimum in unit 
propagation energy after thermal exposure at 200°C was observed In both lots of FVS812 
and appears related to the reductions observed In tensile ductility after similar exposures. 

3. S-N fatigue behavior for these alloys was comparable to that of 2024-T81 from the mid- 
life to high cycle range. Generally, very little difference existed between the L and T orienta- 
tions, before and after thermal exposure. The 20 h degassed, as-received material had 
relatively higher fatigue strength at room temperature, than the 2 h degassed material. 
However, after thermal exposure at 100h/315°C (600°F). fatigue strength for the 2 h 
degassed alloy increased approximately 20% for both the L and T conditions. This effect is 
not explained and was not observed In the 20 h degassed alloy. At elevated temperature, 
fatigue life was satisfactory and consistent with other observations Indicative of excellent 
dispersold stability. There was no significant effect of sheet orientation on life at these 
temperatures. At 100.000 cycles, fatigue strength at 200°C (392°F) is reduced approxi- 
mately 20% from the room temperature condition and. at 315°C (600°F), by approximately 
38%. 

4. The extended degassed alloy (20 h) appeared to have somewhat better tensile ductility, 
more consistent toughness and higher fatigue strength at room temperature. Weld porosity 
formation during fusion welding was clearly reduced In the 20 h degas alloy and weld 
porosity in the resistance spot welds was significantly lower than that of the 2 h alloy. The 
nie^?nkm and effects of degassing are not clear, but are likely to involve hydrogen inter- 
actions as a result of billet degassing and subsequent evaporation and decomposition of 
other hydrogen containing species trapped in the microstructure. 
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5. Brake forming at temperatures £370°C (700°F) was readily accomplished. A minimum 
bend radius of 0.79 mm (1/32 in.) for 1.6 mm (0.063 in.) thick sheet was achieved without 
cracking for both degassed conditions and for the L and T orientations. The small bend 
radius offers exceDent potential for the design of more efficient sheet-stiffened, built-up 
structure. The alloy has potential for hot forming more complex configurations. 

6. FVS812 was readily resistance spot-welded and dlspersold coarsening during welding did 
not appear to seriously degrade strength. The average spot weld shear strength was ap- 
proximately 80% that of the minimum average specified by MIL-W-6858D for comparable 
strength conventional aluminum alloys. Further weld parameter optimization should 
improve strength and consistency. In 20 h, extended-degassed material, weld porosity was 
reduced and strength was slightly increased compared with the standard 2 h degassed 
material. Static and fatigue strength of single-spot welds indicated good microstructural 
stability after testing at FT. 200°C (392°F), and 315 °C (600°F). Excellent resistance to 
deformation adjacent to the electrodes was exhibited, thereby allowing the use of a reduced 
minimum edge distance. Also, spot spacing was decreased because current shunting was 
reduced significantly, compared with conventional A1 alloys. These characteristics are 
advantageous in the design of more efficient structure. 

7. Gas-tungsten-arc or electron beam welding of these alloys was not feasible at this time. 
Although outgasslng during welding was reduced in the extended-degassed alloy, extensive 
dispersoid coarsening and formation of primary intermetallic phases severely degraded weld 
strength and ductility. Gas content was too high to produce porosity free fusion welds. 
Improvements in material processing to further limit base metal gas content are necessary 
to increase weldability. 

8. The manufacture of Z- stiffened riveted and resistance-spot-welded compression panels 
demonstrated the fabricablllty of this material using conventional methods. 
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7. RECOMMENDED FUTURE WORK 


1. Determine the mechanism of billet degassing and its effect on hydrogen containing species 
and the effects of improved degassing procedures on mechanical properties and weld porosity 

formation. 

2. Determine the mechanism and effects of dynamic strain aging (DSA) on notch toughness, 
fatigue crack initiation and fatigue crack growth for intermediate temperatures. 

3. Determine mechanism and effect of intermediate temperature thermal exposure on me- 
chanical properties. 

4. Determine combined effects of DSA and low temperature exposure on mechanical proper- 
ties. 

5. Continue welding research and development with Improved quality materials. 

6. Continue hot forming research and development. Determine effect of forming on micro- 
structure and properties. 

7. Determine the effect of cold work and Interference-fit fasteners on crack Initiation behavior 
and crack growth at fastener holes. 

8. Continue development and fabrication of structural test Items for evaluation of elevated 
temperature applicability. 
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MECHANICAL PROPERTIES 
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Table A-1 Effect of Thermal Exposure on Tensile Properties of FVS812 Alloy (Lot 96, 2 h Degas) 


ABoy Exposure Direct Strain Test Temp. 0.2 % Yield Strength UttimatB Strength Etong Modiius 

Rate "C (°F) ksi (MPa) tai (MPa) (%) 10*6 psi (GPa) 


Lot 96 As-received 

L 

0.00 1 20 (60) 

64.9 

(448) 

66.4 

(471.9) 

6.6 

11.3 

(77.8) 




66.0 

(455) 

68.6 

(472.9) 

6.7 

11.8 

(81.6) 



avg. 

65.5 

(451) 

68.5 

(472.4) 

6.7 

11.6 

(79.7) 


T 


62.3 

(429) 

67.3 

(464.2) 

U2 

12.6 

(86.5) 




60.9 

(420) 

66.9 

(460.9) 

13.3 

12.1 

(83.2) 



avg. 

61.6 

(425) 

67.1 

(462.6) 

13.7 

12.3 

(84.9) 

100h/200°C 

L 


66.3 

(457) 

70.6 

(486.6) 

6.1 

12.3 

(84.5) 




66.0 

(455) 

70.1 

(483.3) 

4.9 

12.6 

(86.7) 



mtg. 

662, 

(456) 

70.3 

(485.0) 

5.5 

12.4 

(85.6) 


T 


64.1 

(442) 

67.6 

(468.4) 

6.0 

10.7 

(73.4) 




62.1 

(428) 

71.7 

(494.6) 

115 

12.7 

(87.8) 



avg : 

63.1 

(435) 

69.8 

(481.5) 

8.8 

11.7 

(80.7) 

100h/31S°C 

L 


675 

(466) 

69.3 

(477.5) 

6.3 

8.4 

(57.8) 




64.0 

(441) 

69.3 

(477.6) 

6.8 

11.9 

(82.1) 



avg. 

65.8 

(453) 

69.3 

(477.5) 

6.6 

10.2 

(70.0) 


T 


67.4 

(465) 

70.9 

(488.6) 

6.3 

8.7 

(60.1) 




62 2 

(429) 

69.8 

(481.3) 

6.1 

12.2 

(84.1) 



avg. 

64.8 

(447) 

70.3 

(485.0) 

62 

10.5 

(72.1) 

1000h/200°C 

L 


64.3 

(443) 

69.3 

(478.0) 

5.4 

11.8 

(81.3) 




62.6 

(431) 

69.0 

(476.0) 

5.8 

13.1 

(90.5) 



avg. 

63.4 

(437) 

692 

(477.0) 

S.6 

12.5 

(85.9) 


T 


60.8 

(419) 

68.6 

(472.7) 

6.8 

13.4 

(92.0) 




60.3 

(416) 

68.1 

(469.2) 

7.4 

12.1 

(83.2) 



avg. 

60.6 

(418) 

68.3 

(470.9) 

7.1 

12.7 

(87.6) 

1000rV315°C 

L 


62.5 

(431) 

68.4 

(471.7) 

6.3 

12.3 

(84.5) 




60.0 

(414) 

68.7 

(473.8) 

7.0 

16.1 

(111.2) 



avg. 

61.3 

(422) 

68.6 

(472.8) 

6.7 

142 

(97.9) 


T 


64.6 

(445) 

71.4 

(492.1) 

11.3 

12.6 

(86.9) 




64.0 

(441) 

70.5 

(486.1) 

8.1 

12.6 

(86.7) 



avg. 

64.3 

(443) 

70.9 

(489.1) 

9.7 

12.6 

(86.8) 
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Table A-2 


Effect of Thermal Exposure on Tensile Properties of FVS812 Alloy (Lot 115) 


AUoy 

Exposure Direct 

Strain 

Rata 

Test Temp. 0.2 % Yield Strength 
°C (°R ksi (MPa) 

UltimatB Strength 
Ksi (MPa) 

Dong. 

_ea 

M( 

10*6 psi 

>dulus 

(GPa) 

Lot 115 
(20 h Degas) 

As-received 

L 

0.001 

20(68) 

avg. 

63.3 

60.0 

62.1 

(436) 

(420) 

(428) 

66.6 

67.2 

66.9 

(458.9) 

(463.1) 

(461.1) 

12.3 

115 

11.9 

12.3 

14.2 

13.1 

(84.8) 

(97.9) 
(90.6) 



T 


avg. 

56.8 

602 

58.5 

(391) 

(415) 

(403) 

64.5 

65.7 

65.1 

(445.0) 

(453.0) 

(449.0) 

12.2 

12.2 

122 

13.9 

11.6 

12.8 

(95.8) 

(80.1) 

(88.0) 


100h/200°C 

L 

0.001 

20(68) 

avg . 

61.0 

64.6 

63.3 

(427) 

(446) 

(436) 

66.3 

68.8 

68.6 

(471.0) 

(474.2) 

(472.7) 

77 

97 

8.7 

13.9 

11.5 

12.7 

(95.5) 

(79.0) 

(87.3) 



T 



avg. 

637 

62.5 

63.1 

(439) 

(431) 

(435) 

68.2 

68.1 

682 

(470.1) 

(460.8) 

(470.0) 

107 

11.5 

11.1 

11.0 

11.0 

11.0 

(75.9) 

(75.5) 

(75.7) 


100h/315°C 

L 

0.001 

20(68) 

avg. 

64.1 

62.3 

632 

(442) 

(429) 

(436) 

68.4 

69.0 

68.7 

(471.8) 

(475.6) 

(473.7) 

14.6 

9.8 

122 

11.0 

12.8 

11.9 

(75.7) 

(88.3) 

(82.1) 



T 



avg. 

615 

612 

61.4 

(424) 

(422) 

(423) 

60.1 

68.0 

69.0 

(476.2) 

(474.9) 

(475.5) 

9.8 

11.9 

10.9 

12.0 

12.0 

12.5 

(825) 

(80.2) 

(85.8) 


1000tV200°C 

L 

0.001 

20(68) 

avg. 

63.0 

62.8 

62.6 

632 

(441) 

(433) 

(433) 

(436) 

68.4 

675 

67.2 

67.7 

(471.9) 
(4652) 
(463.4) 

(466.9) 

10 2 
0.0 
5.9 
8.7 

11.6 

11.0 

11.7 

11.8 

(80.2) 

(82.3) 

(80.5) 

(81.0) 



T 



avg. 

60.9 

57.1 

59.0 

(420) 

(394) 

(407) 

66.9 

66.8 

66.9 

(461.1) 

(460.9) 

(461.0) 

7.3 

8.0 

7.6 

11.8 

15.2 

13.5 

(81.3) 

(104.9) 

(93.1) 


1000h/315°C 

L 

0.001 

20(68) 

avg. 

622 

61.0 

61.6 

(429) 

(420) 

(425) 

67.8 

67.5 

67.6 

(4672) 

(465.1) 

(4662) 

12.6 

6.6 

9.6 

12.0 

12.6 

12.3 

(82.9) 

(86.9) 

(84.9) 



T 



avg. 

64.1 

60.6 

62.4 

(442) 

(418) 

(430) 

68.4 

64.9 

66.6 

(471.3) 
(447.6) 

(459.4) 

8.8 

67 

7.8 

10.1 

13.1 

11.6 

(69.4) 

(90.4) 
(79.9) 

Lot115 As-received 

(20 h Degas) 

L 

0.001 

315 (600) 

avg. 

21 5 
257 
25.0 

(150) 

(177) 

(172) 

29.5 

29.8 

29.7 

(2032) 

(205.7) 

(204.5) 

13.4 
115 

12.4 

8.8 

4.4 

6.6 

(60.3) 

(30.4) 

(45.4) 


100h/200°C 

L 

0.001 

315 (600) 

avg. 

262 

27.0 

26.6 

(181) 

(186) 

(183) 

31.0 

31.7 

31.3 

(213.5) 

(218.3) 

(216.0) 

11.4 

16.0 

142 

5.8 

5.1 

5.4 

(39.9) 

(35.0) 

(37.4) 


100h/315°C 

L 

0.001 

315 (600) 

avg. 

27.7 

26.6 

27.1 

(191) 

(183) 

(187) 

28.3 

20.6 

29.0 

(195.1) 

(204.4) 

(199.7) 

28.6 

15.6 

22.1 

2.1 

7.5 

4.8 

(14.5) 

(51.8) 

(33.2) 


1000hf200°C 

L 

0.001 

315 (600) 

avg. 

24.1 

235 

23.8 

(166) 

(162) 

(164) 

295 

28.6 

29.1 

(203.7) 

(197.3) 

(200.5) 

13.0 

21.4 

172 

5.5 

4.6 
5.0 

(37.9) 

(31.5) 

(34.7) 


1000h/315°C 

L 

0.001 

315 (600) 

avg. 

275 

27.6 

27.5 

(190) 

(190) 

(190) 

30.1 

307 

30.4 

(207.6) 

(211.5) 

(209.5) 

18.6 

15.1 

16.9 

4.7 

4.0 

4.4 

(32.3) 

(27.7) 

(30.1) 
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Table A -3 Room Temperature Tensile Properties of FVS812 Lota 335 and 340, 
2024-T81 and 2219-T62 Alloys 


Aitoy Exposure Direct Strain Test Temp. 02 % Yield Strength Ultimate Strength EJong. Modulus 

Rate °C (°R ksi (MPa) toi (MPa) (%) 10*6 psi (GPa) 


Lot 335 As-received 

L 

0.001 

20(68) 


65.8 

(454) 

68.8 

(474.5) 

10.1 

12.0 

(82.5) 

(2 h Degas) 





65.8 

(453) 

68.6 

(473.2) 

8.9 

11.3 

(77.6) 





mfQ. 

65.8 

(454) 

68.7 

(473.9) 

9.5 

11.6 

(80.1) 


T 




637 

(439) 

70.3 

(484.7) 

10.4 

12.5 

(86.0) 






64 2 

(442) 

69.6 

(479.7) 

13.1 

11.8 

(81.0) 





avg. 

63.9 

(441) 

69.9 

(482.2) 

11.8 

12.1 

(83.6) 

Lot 340 As-received 

L 

0.001 

20(68) 


64.3 

(443) 

67.8 

(467.8) 

8.4 

11.4 

(78.4) 

20 h Degas) 





63.9 

(440) 

68.1 

(469.7) 

6.2 

12.9 

(88.9) 





avg. 

64.1 

(442) 

68.0 

(4687) 

8.3 

12.1 

(83.7) 


T 




62.1 

(428) 

68.4 

(471.4) 

11.4 

12.2 

(83.9) 






62.4 

(430) 

68.1 

(469.6) 

11.0 

127 

(87.7) 





avg. 

62.3 

(420) 

682 

(470.5) 

112 

12.5 

(85.8) 


2024-T81 As-received 

L 

0.001 

20(68) 


67.6 

(466) 

73.5 

(506.6) 

8.9 

10 2 

(70.0) 






67.6 

(466) 

73.2 

(505.0) 

9.4 

8.8 

(60.7) 





avg. 

67.6 

(466) 

73.4 

(505.8) 

92 

9.5 

(65.4) 

100h/200°C 

L 

0.001 

20(68) 


502 

(346) 

62.9 

(433.9) 

11.0 

10.3 

(71-3) 






56 2 

(387) 

62.6 

(431.8) 

10.7 

97 

(67.1) 






50.4 

(348) 

62.6 

(431.3) 

11.4 

10.4 

(71.4) 





*vg 

52.3 

(360) 

62.7 

(432.3) 

11.0 

10.1 

(69.0) 

100h/315°C 

L 

0.001 

20(68) 


22.8 

(157) 

34.9 

(2403) 

19.1 

8.4 

(57.8) 






17*8 

(123) 

35.0 

(241.0) 

19.3 

5.9 

(40.5) 






17.0 

(117) 

35.2 

(242.6) 

223 

7.5 

(51.9) 





avg. 

192 

(132) 

35.0 

(241.3) 

20.3 

7.3 

(50.1) 


2219-T62 As-received 

L 

0.001 

20(68) 

383 

(267) 

57.3 

(305.2) 

12.0 

113 

(81.6) 





39.0 

(269) 

573 

(3983) 

9.36* 

11.0 

(75.6) 





38.4 

(265) 

57.6 

(396.9) 

10.3 

11.4 

(78.5) 




avg. 

38.7 

(267) 

57.6 

(396.9) 

10.6 

11.4 

(78.5) 

100h/200°C 

L 

0.001 

20(68) 

35 2 

(243) 

57.4 

(395.5) 

11.0 

10.6 

(73.2) 

100h/315°C 

L 

0.001 

20(68) 

237 

(164) 

46.9 

(323.3) 

137 

10.3 

(70.7) 





23.9 

(165) 

46.7 

(3217) 

13.1 

9.6 

(65.9) 




avg. 

23.8 

(164) 

46.8 

(3223) 

13.4 

9.9 

(68.3) 
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Table A-4 Effect of Elevated Temperature on Tensile Properties of FVS812 Alloy (Lot 115, 20 h Degas) 


Alloy Exposure Direct Strain Test Temp. 0.2 % Yield Strength Ultimate Strength Bong. Mod J J !^ 

Rate °C (°F) ksi (MPa) Ksi (MPa) J2&J S®j ( MP Sl 


nac w i * / 

Lot 115 as-received L 0.001 20(68) 

63.3 

(436) 

66.6 

(458.9) 

12.3 

12.1 

(83.3) 

(20 h Degas) 

60.9 

(420) 

67.2 

(463.1) 

11.5 

14.2 

(97.9) 

avg. 

62.1 

(428) 

66.9 

(461.1) 

11.9 

13.1 

(90.6) 

80 (176) 

46.5 

(320) 

57.1 

(393.4) 

5.0 

10.4 

(72.0) 


53.6 

(369) 

57.9 

(399.3) 

5.2 

7.3 

(50.5) 

avg. 

50.0 

(345) 

57.5 

(396.4) 

5.1 

8.9 

(61.3) 

177 (351) 

43.6 

(300) 

48.5 

(334.3) 

6.0 

4.9 

(34.1) 


3 62 

(264) 

49.1 

(338.5) 

7.2 

8.5 

(58.7) 

avg. 

40.9 

(282) 

43.8 

(336.4) 

6.6 

6.7 

(46.4) 

200 (392) 

44.1 

(304) 

46.4 

(319.7) 

7.1 

5.4 

(37.5) 


42.2 

(291) 

46.4 

(319.7) 

9.0 

7.8 

(53.4) 

avg. 

43.1 

(297) 

46.4 

(319.7) 

8.1 

6.6 

(45.5) 

315 (600) 

21.8 

(150) 

29.5 

(203.2) 

13.4 

8.6 

(60.3) 


25.7 

(177) 

29.6 

(205.7) 

115 

4.4 

(30.4) 

avg. 

25.0 

(172) 

29.7 

(204.5) 

12.4 

6.6 

(45.4) 
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Table A-5 Effect of Strain Rate on Tensile Properties of FVS812 Alloy (Lot 115, 20 h Degas) 


Alloy Exposure Direct Strain Test Temp. 0.2 % Yield Strength Ultimate Strength Elong. Modulus 

Rate °C (°F) ksi (MPa) Ksi (MPa) (%) 10*6 psi (GPa) 


Lot 115 As-received L 

0.001 

20(68) 

63.3 

(436) 

66.6 

(458.9) 

12.3 

12.1 

(83.3) 

(20 h Degas) 



60.0 

(420) 

67.2 

(463.1) 

11.5 

14.2 

(97.9) 



avg. 

62.1 

(428) 

66.9 

(461.1) 

11.9 

13.1 

(90.6) 


0.01 


65.4 

(451) 

71.0 

(489.8) 

20 2 

12.3 

(84.7) 




64.3 

(443) 

70.3 

(484.7) 

16.3 

11.9 

(81.8) 




62.3 

(430) 

68.7 

(473.5) 

11.6 

11.3 

(78.2) 




62.3 

(429) 

68.8 

(474.1) 

eee 

12.3 

(85.0) 



avg . 

63.6 

(438) 

69.7 

(480.6) 

16.0 

72.0 

(82.5) 


0.1 


~ 

Mr# 

73.8 

(509.7) 

11.1 


eee 




*** 

eee 

75.0 

(516.9) 

7.8 

eee 

++* 




65.1 

(449) 

73.8 

(509.1) 

11.0 

12.3 

(85.1) 



avg. 

65.1 

(449) 

73.8 

(509.1) 

10.0 

12.3 

(85.1) 


1 


*** 

eee 

eee 

eee 

9.0 


— 




♦** 

eee 

74.4 

(512.7) 

8.8 


*•* 



avg. 

see 

•ee 

eee 

74.4 

(512.7) 

8.9 

ee* 



5 


*** 


78.3 

(530.8) 

6.5 

— 





*** 

eee 

77.0 

(537.4) 

5.1 

eee 




avg. 

eee 


78.1 

(538.6) 

5.8 

eee 



10 


60.7 

(418) 

64.7 

(446.0) 

11.4 

11.3 

(77.8) 




**♦ 

•*« 


*** 

7.8 

eee 




avg. 

60.7 

(419) 

64.7 

(446.0) 

9.6 

11.3 

(77.8) 

Lot 115 As-received L 

0.001 

315 (600) 

21.8 

(150) 

20.5 

(203.2) 

13.4 

8.8 

(60.3) 

(20 h Degas) 



25.7 

(177) 

20.6 

(205.7) 

115 

4.4 

(30.4) 



avg. 

25.0 

(172) 

29.7 

(204.5) 

12.4 

6.6 

(454) 


0.01 


23.0 

(165) 

31.6 

(218.5) 

15.5 

6.3 

(43.6) 




35.6 

(245) 

36.6 

(252.6) 

8.9 

3.4 

(23.7) 



avg. 

29.8 

(205) 

34J2 

(236.1) 

123 

4.9 

(33.7) 


0.1 


35.1 

(242) 

36.4 

(250.7) 

112 

4.8 

(32.8) 




34.3 

(236) 

36.5 

(251.8) 

17.6 

5.5 

(38.1) 



avg. 

34.7 

(239) 

36.4 

(251.3) 

74.4 

5.7 

(35.4) 


1 


**♦ 

eee 

30.3 

(270.8) 

8.0 

eee 





eee 


41.0 

(288.8) 

13.8 

eee 




avg. 



40.6 

(279.9) 

10.9 




5 


eee 


42.5 

(293.2) 

10.0 

— 

— 






41.6 

(287.1) 

10.9 

eee 

eee 



avg. 

»## 

eee 

42.1 

(200.1) 

10.4 

*** 



continued next page 
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Table A-5 concluded 


Alloy 


Exposure Direct Strain Test Temp. 0.2 % Yield Strength Ultimate Strength Bong 

” _ _ . > it an - i I : AlDnt 


Modulus 


ndu 

Lot 115 As-received L 0.001 

n 

482 (900) 

7.6 

(52) 

10.4 

(71.6) 

16.7 

2.6 

(18.0) 

(20 h Degas) 

avg. 

0.5 

8.5 

(65) 

(59) 

10.3 

10.3 

(70.8) 

(71-2) 

18.7 

17.7 

1.9 

2.3 

(131) 

(15.6) 

0.01 


10.3 

(71) 

11.6 

(80.1) 

19.1 

3.6 

(24.8) 


0.1 

(63) 

11.6 

(80.0) 

23.4 

3.0 

(20.5) 


avg. 

9.7 

(67) 

11.6 

(80.1) 

21.2 

3.3 

(22.7) 

0.1 

0.1 

avg. 

12.1 

11.1 

11.6 

(83) 

(76) 

(80) 

13.1 

13.6 

13.3 

(90.2) 

(93.5) 

(91.8) 

32.1 

25.3 

28.7 

3.2 

3.9 

3.6 

(22.3) 

(27.0) 

(24.7) 

1 


14.6 

(101) 

16.7 

(115.4) 

28 2 

3.2 

(22.1) 


14.6 

(100) 

16.5 

(113.4) 

29.1 

5.2 

(36.1) 



16.5 

(113) 

17.4 

(119.8) 

27.4 

3.8 

(26.1) 


avg. 

152 

(105) 

16.9 

(116.2) 

282. 

4.1 

(28.1) 

5 


*** 


24.5 

(169.1) 

49.6 


*** 



*** 

*♦* 

17.7 

(121.7) 

262 





*♦* 


18.4 

(126.6) 

26.8 




avg. 

*** 


20.18 

(139.1) 

26.52 




data not attainable 
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Table A-6 Effect of Short-Term (20 h) Thermal Exposure 
on Room Temperature Compression Properties 
of FVS812 Alloys 


Alloy 

Exposure Direction 

0.2 % Yield Strength 

Modulus 



ksi (MPa) 

1 0 A 6 psi (GPa) 


Lot 115 As-received 

L 


45.4 

(313) 

11.3 

(77.9) 

(20 h Degas) 



45.2 

(312) 

11.5 

(79.3) 



avg. 

45.3 

( 312 ) 

11.4 

( 78 . 6 ) 


T 


55.7 

( 384 ) 

12.6 

( 86 . 9 ) 




52.4 

( 361 ) 

11.7 

( 80 . 7 ) 



avg. 

54.1 

( 373 ) 

12.2 

( 84 . 1 ) 

20h/300°C 

L 


51.3 

(354) 

11.4 

(78.6) 


T 


60.7 

(419) 

11.5 

(79.3) 

20h/400°C 

L 


53.8 

(371) 

12.2 

(84.1) 


T 


62.2 

(429) 

12.3 

(84.8) 

20h/500°C 

L 


52.7 

(363) 

12.3 

(84.8) 




52.8 

(364) 

12.1 

(83.4) 



avg. 

52.8 

(364) 

12.2 

(84.1) 


T 


60.2 

(415) 

12.4 

(85.5) 




59.2 

(408) 

12.5 

(86.2) 



avg. 

59.7 

(412) 

12.5 

(86.2) 

Lot 96 As-received 

L 


49.0 

(338) 

11.9 

(82.1) 

(2 h Degas) 



51.0 

(352) 

12.4 

(85.5) 



avg. 

50.0 

( 345 ) 

12.2 

( 84 . 1 ) 


T 


59.2 

(408) 

12.3 

(84.8) 




56.3 

(388) 

12.2 

(84.1) 



avg. 

57.8 

( 399 ) 

12.3 

( 84 . 8 ) 

20h/300°C 

L 


53.6 

(370) 

11.9 

(82.1) 


T 


60.5 

(417) 

11.9 

(82.1) 

20h/400°C 

L 


56.9 

(392) 

11.8 

(81.4) 


T 


60.7 

(419) 

11.9 

(82.1) 

20h/500 # C 

L 


54.8 

(378) 

12.2 

(84.1) 




55.9 

(385) 

11.7 

(80.7) 



avg. 

55.4 

(382) 

12.0 

(82.7) 


T 


62.1 

(428) 

12.3 

(84.8) 




61.0 

(421) 

12.5 

(86.2) 



avg. 

61.6 

(425) 

12.4 

(85.5) 


Strain Rate: 0.005 s-1. Test Temperature: 20 °C (68°R 
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Table A-7 Effect of Short-tenn(20h) Thermal Exposure on Room Temperature Tensile Properties of FVS812 


eSosw b 5555 Strain Test Tamp. 0.2 % Yield Strength Ultimate Strength Bong Modulus 

Rate °C (°B ksi (MPa) toi (MPa) (%) 10*6 psi (GPa) 


Lot115 20h/300°C 

L 

0.001 

20(68) 


63.6 

(438) 

67.2 

(463.3) 

9.3 

10.2 

(70.2) 

(20 h Degas) 





63.1 

(435) 

67.4 

(464.6) 

8.4 

10.3 

(70.7) 




avg. 

63.4 

(437) 

67.3 

(464.0) 

8.8 

102 

(70.5) 


T 




60 Jd 

(419) 

68.0 

(469.0) 

10.8 

12.3 

(85.1) 






59.0 

(407) 

67.1 

(462.3) 

6.1 

12.3 

(85.0) 





avg. 

59.9 

(413) 

67.5 

(465.7) 

9.4 

12.3 

(85.1) 

20h/400°C 

L 




58.8 

(405) 

66.7 

(459.8) 

12.7 

11.9 

(82.1) 






60.0 

(414) 

66.6 

(459.2) 

11.6 

11.4 

(78.5) 





avg. 

59.4 

(410) 

66.7 

(459.6) 

122 

11.7 

(80.3) 


T 




60.1 

(415) 

67.2 

(463.3) 

9.5 

12.1 

(83.2) 






59.1 

(407) 

67.1 

(462.6) 

10.2 

11.8 

(81.3) 





avg. 

59.6 

(411) 

672 

(463.0) 

9.8 

11.9 

(82.3) 

20h/500°C 

L 




56.5 

(390) 

66.0 

(455.3) 

8.9 

12.5 

(85.9) 






58.2 

(401) 

66.7 

(460.0) 

13.2 

11.4 

(78.5) 





avg. 

57.4 

(395) 

66.4 

(457.7) 

11.0 

11.9 

(82.2) 


T 




59.8 

(412) 

68.3 

(470.8) 

8.5 

11 .4 

(78.5) 






587 

(404) 

68.3 

(470.8) 

8.7 

12.0 

(82.9) 





avg. 

592 

(408) 

68.3 

(470.8) 

8.6 

11.7 

(80.7) 

Lot 06 20h/300°C 

L 

0.001 

20(66) 


61.5 

(424) 

67.0 

(462.1) 

11 2 

11.3 

(77.8) 

(2 h Degas) 





603 

(417) 

67.4 

(464.8) 

11.9 

12.4 

(85.6) 




avg. 

61.0 

(421) 

672 

(463.5) 

11.6 

11.9 

(81.7) 


T 




613 

(424) 

69.0 

(475.4) 

9.2 

11.7 

(80.5) 






61.1 

(422) 

68.9 

(475.1) 

9.4 

12.2 

(84.3) 





avg. 

61.3 

(423) 

68.9 

(475.3) 

9.3 

12.0 

(82.4) 

20h/400°C 

L 




60 2 

(415) 

67.0 

(461.9) 

14.4 

12.3 

(84.9) 






59.7 

(412) 

66.8 

(460.5) 

11.0 

11.9 

(81.8) 





avg. 

60.0 

(413) 

66.9 

(461.2) 

12.7 

12.1 

(83.4) 


T 




61.8 

.(426) 

69.0 

(476.0) 

8.6 

11.6 

(79.9) 






60.7 

(418) 

68.8 

(474.4) 

9.5 

12.4 

(85.2) 





avg. 

61.3 

(422) 

68.9 

(475.2) 

9.0 

12.0 

(82.6) 

20tV500°C 

L 




58.1 

(400) 

66.4 

(457.7) 

6.3 

12.1 

(83.3) 






59.2 

(408) 

67.0 

(461.8) 

7.2 

11.6 

(79.7) 





avg. 

58.6 

(404) 

66.7 

(459.8) 

6.8 

11.8 

(81.5) 


T 




59 2 

(408) 

68.6 

(473.1) 

7.0 

12.3 

(84.9) 






60.6 

(418) 

69.7 

(480.4) 

7.6 

12.1 

(83.5) 





avg. 

59.9 

(413) 

692 

(476.8) 

7.3 

122 

(84.2) 
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Table A-8 Kahn Tear Test Results for FVS812 Alloy (Lot 115, 20 h Degas) 
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Table A-9 Kahn Tear Test Results for FVS812 Alloy (Lot 96, 2 h Degas) 
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Table A-10 Kahn Tear Test Results for 2024-T81 and 2219-T62 Aluminum Alloy 


§111 fill? S E | 


* <* 

^ S ^ j a ? ^ 


cm in (p 
O <D in 
r*. r*. in 


5 2 & co to § 
04 CM CM CM CM 


o © PPei' k to to 5^ ? ® ^ » R 1 5T cm ^ ^ 

^ CM CM CM ^ S, G G TO. ^ C^ £*, in CCj^ TO TO £ TO, CO, TO 

o 

S lO O) O) o r- (D (p >» N Q CM <J) q ▼” 00 _■ 

»- (M ^ OJ CM to (0 V ID Q TO CM ^ TO TO to 


O >s ~ to o ^ cj M; cd ^ a t- iq o ^ ^ cq ^ 

^ P 3 z£ C- i C* {n in, in, io w ^ ^ cm cm ^ 

S. LU .D W 

p T O CM —j O to 00 TO CD <jj CM in 0) CD ip TO CD ^ 00 O) to 

£ jg cm m ^ ^ to mt ^ ^ 

c s; oT S' ^ o' cm « q ^ ? P P Iq 5f ^ ^ ^ ^ TO ^ 

o to ~ o - w m n W zr r\ n r- ^ nr. w rr w 


8 

14 

10 

9 

O 

T- 

13 

13 

10 

12 

15 

15 

14 

14 

14 

CM 

CM 

CM 

*•» 

CM 

12 

12 


K 

TO 

JN 

CM 

$ 



cq 


a 


o' 


*■» 







S' 


cm' 





TO' 


1 

& 

TO 

*- 



& 




CO 

TO 

«M 



Is. 




N* 

<o 

CM 

TO 

a> 





S' 

S' CM Q O' 

lit! 

>0 

>r 

III! 

S3 8 S 3 
S S Si S S 

(434) 

(394) 

(414) 

(400) 

(397) 

(399) 

TO TO TO TO 

CO 

CD 00 CM to 

•M; to ^ o to 

TO 

CM 

y— 

O 

<° TO 

2 8 2 <2 <2 

2 2 2 S 

S 8 c5 8 co 

si 

1^ 

in 

s 

s 

k: 

in ip 


I 5 
5 8 


112 


100h/315°C L-T 54.2 (374) 16 (1.9) 26 (2.9) 42 (4.7) 398 

53.5 (369) 18 (2.0) 27 (3.0) 45 (5.0) 420 

avg. S3. 8 (371) 23.8 (164) 2.26 17 (1.9) 26 (3.0) 43 (4.9) 409 


Table A-11 Fatigue Results tor FVS812 Alloy (Lot 96, 2 h Degas) 


Sample 

ID 

Load 

Dir. 

Exposure 

Cond. 

Test Temp. 

_jc PR 

Max. Test Stress 
ksi MPa 

Cycles to 
Failure 

NF-5f 

L 

As-received. 

21 

(70) 


416.5 

11,288 

NF-5g 





60.4 

416.5 

10,945 

NF-5h 





60.3 

415.7 

10,571 

NF-6e 





55.3 

381.6 

21,795 

NF-6f 





55.3 

381.6 

16,652 

NF-7a 





50.4 

347.2 

29,500(1) 

NF-7b 





50.4 

347.2 

44,530 

NF-33a 





45.3 

312.4 

32,437 

NF-34a 





40.3 

277.7 

3,664,968 

NF-34a2 





40.3 

277.7 

266,630 

NF-35a 





35.2 

243.0 

9,562,400 

NF-1 7a 





30.2 

208.3 

1,487,010(4) 

NF-39a 





25.2 

173.6 

10,000,000 


NF-1 2a 

L 100h/315°C 21 

(70) 

60.2 

414.9 

10,603 

NF-1 2b 



60.4 

416.5 

8,810 

NF-1 3a 



55.1 

380.1 

14,820 

NF-1 3b 



55.2 

380.8 

16,813 

NF-1 4a 



50.4 

347.2 

720(2) 

NF-1 4b 



50.4 

347.2 

17,430 

NF-36a 



45.3 

312.4 

35,090 

NF-37a 



40.3 

277.7 

70,223 

NF-38a 



35.2 

243.0 

779,709 

NF-1 8a 



30.2 

208.3 

13,607,800 


NF-5c 

T As-received. 21 

(70) 

60.3 

415.7 

11,530 

NF-5d 



60.5 

417.4 

10,484 

NF-6c 



55.3 

381.6 

18,899 

NF-6d 



55.5 

382.4 

15,914 

NF-7c 



50.4 

347.2 

21.960 

NF-7d 



50.4 

347.2 

31,070 

NF-33b 



45.3 

312.4 

44,431 

NF-34b 



40.3 

277.7 

164,940 

NF-35b 



35.2 

243.0 

27,130(6) 

NF-1 7b 



30.2 

208.3 

(7) 

NF-1 7c 



30.2 

206.3 

323,880 

NF-39b 



25.2 

173.6 

10,000,000 


NF-1 2c 

T 100h/315°C 21 

(70) 

60.5 

417.4 

8,682 

NF-1 2d 



60.4 

416.5 

11,947 

NF-1 3c 



55.3 

381.6 

16,464 

NF-1 3d 



55.5 

382.4 

15,935 

NF-1 4c 



50.4 

347.2 

22,160 

NF-14d 



50.4 

347.2 

19,070 

NF-36b 



45.3 

312.4 

38,428 

NF-37b 



40.3 

277.7 

289,010 

NF-38b 



35.2 

243.0 

3,690,069 (8) 

NF-1 8b 



30.2 

208.3 

5,235,900 


continued on next page 
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Table A-ll concluded 


Sample 

Load 

Exposure 

Test Temp. 

Max. Test Stress 

Cycles to 

ID 

Dir. 

Cond. 

°C 

MSSU 

ksi 

MPa 

Failure 

NFT-16 

L 

As- received. 

200 

(392) 

50.3 

346.8 

19,945 

NFT-15 





40.4 

278.6 

55,320 

NFT-14 





30.1 

207.5 

122,084 

NFT-19 

T 

As-received. 

315 

(600) 

35.2 

242.7 

12,430 

NFT-17 





25.0 

172.4 

204^622 


(1) counter did not stop when specimen failed; 

discovered at 29500 

(2) machine overload 

(3) premature failure due to inclusion repeated with NF-15b 

(4) grip failure @ 891,500 cycles; re-gripped 
w/fiberglass shims & re-run 

(5) grip failure; specimen buckled when re-installed 
replaced with spec. NF-15c 

(6) bad test; bent specimen 

(7) specimen buckled on setup; replaced with NF-1 7c 

(8) grp failure 

(9) test stopped 

Mote: Act. stress accounts for rounding of edges 
due to polishing 
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Table A-1 2 Fatigue Results for FVS81 2 Alloy (Lot 1 1 5, 20 h Degas) 


Sample 

ID 

Load 

Dir. 





NF-la 

L 

As-received 

21 (70) 

64.4 

444.1 

1,225 

NF-1b 




63.4 

436.8 

1,363 

NF-2a 




57.1 

393.8 

11,455 

NF-2b 




57.1 

393.8 

9,763 

NF-3a 




50.4 

347.2 

38,800 

NF-3b 




50.4 

347.2 

26,360 

NF-4a 




45.3 

312.4 

72,760 

NF-4b 




45.3 

312.4 

44,130 

NF-4© 




45.3 

312.4 

205,006 

NF-30a 




40.3 

277.7 

186,938 

NF-16a 




35.2 

243.0 

580,000 

NF-15a 




30.2 

208.3 

321,000 (3) 

NF-15b 




30.2 

208.3 

209,720(5) 

NF-15c 




30.2 

208.3 

10,000,000 


NF-8a 

L 1 00h/31 5°C(600°F) 21 (70) 

63.1 

435.1 

1,582 

NF-8b 

63.2 

436.0 

1,709 

NF-9a 


58.0 

400.2 

13,453 

NF-9b 


57.9 

399.4 

13,599 

NF-lOa 


50.4 

347.2 

16,200 

NF-lOb 


50.4 

347.2 

29,390 

NF-lla 


45.3 

312.4 

31,410 

NF-llb 


45.3 

312.4 

51,590 

NF-31a 


40.3 

277.7 

345,586 

NF-32a 


35.2 

243.0 

901,600 

NF-19a 


30.2 

208.3 

10,000,300 


NF-lc 

T 

As -received 

21 (70) 

64.3 

443.2 

6,492 

NF-ld 




63.2 

436.0 

6,538 

NF-2c 




58.0 

400.2 

13,046 

NF-2d 




58.1 

400.4 

10,759 

NF-3c 




50.4 

347.2 

24,190 

NF-3d 




50.4 

347.2 

18,690 

NF-4C 




45.3 

312.4 

45,410 

NF-4d 




45.3 

312.4 

51,380 

NF-30b 




40.3 

277.7 

1,863,410(9) 

NF-30b2 




40.3 

277.7 

1,765,900(8) 

NF-1 6b 




35.2 

243.0 

3,418,060 

NF-15d 




30.2 

208.3 

10,000,000 


continued on next page 
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Table A-12 concluded 


Sample 

ID 

Load 

Dir. 

Exposure 

Cond. 

Teat Temp. 
°C °F 

Max. Test Stress 
ksl MPa 

Cycles to 
Failure 


T 

100h/315°C 

21 (70) 

63.5 



NF-8d 




63.4 

436.8 

8 ( 968 

NF-9c 




56.0 

400.2 

13,679 

NF-9d 




58.0 

400.2 

13,205 

NF-IOc 




50.4 

347.2 

18,260 

NF-IOd 




50.4 

347.2 

19,510 

NF-llc 




45.3 

312.4 

25,900 

NF-31b 




40.3 

277.7 

44,300 

NF-32b 




35.2 

243.0 

152,467 

NF-19b 




30.2 

208.3 

6,134,745 


NFT-22 L as-received 200 (392) 

50.2 

346.1 

9,912 

NFT-23 

40.2 

277.2 

35,448 

NFT-24 

30.0 

206.9 

210,764 

NFT-11 T as-received 200 (392) 

50.3 

346.8 

16,107 

NFT-20 

45.1 

311.0 

16,406 

NFT-12 

40.1 

276.5 

24,512 

NFT-13 

30.2 

208.2 

138,140 

NFT-9 L as-received 315 (600) 

35.2 

242.7 

11,862 

NFT-7 

30.2 

208.2 

99,302 

NFT-6 

25.3 

174.4 

177,554 

NFT-10 

25.0 

172.4 

236,758 

(1) counter did not stop when specimen failed; discovered at 29500 



(2) machine overload 

(3) premature failure due to inclusion; repeated with NF-15b 




(4) grip failure @ 891 ,500 cycles; re-gripped with w/fiberglass shims & 

re-run 


(5) grip failure; specimen buckled when re-installed 
replaced with spec. NF-1 5c 

(6) bad test; bent specimen 

(7) specimen buckled on setup; replaced with NF-1 7c 

(8) grip failure 

(9) test stopped 

Note: Act. stress accounts for rounding of edges 




due to polishing 
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Table A-13 Fatigue Results for 2024-T81 Aluminum Alloy 


Sample 

ID 

Load 

Dir. 

Exposure 

Cond. 

Test Temp. 

•CCF) 

Max. 

ksl 

.Stress 

MPa 

Cycles to 
Failure 

NF-27a 

L 

As-received 

21 (70) 

65.5 

451.3 

9,559 

NF-23a 




60.4 

416.6 

22,285 

NF-23b 




60.4 

416.6 

24,816 

NF-22a 




55.4 

381.9 

21,914 

NF-24a 




50.4 

347.2 

51,719 

NF-21a 




45.3 

312.4 

80,920 

NF-25a 




40.3 

277.7 

110,523 

NF-26a 




35.2 

243.0 

209,000 

NF-20a 




30.2 

208.3 

9,038,469 (a) 

(a) grip failure 


117 


THIS PAGE INTENTIONALLY LEFT BLANK 


118 



APPENDIX B 

DETAILS OF ZEE-STIFFENED COMPRESSION PANELS 
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-11 SKIN 



DRILL AND C'SINK FOR NAS1200M4 RIVET 
PER GSS 15302. 44 PLACES 
HOLE PREP PER GH11AL % 



-1 PANEL ASS’Y 

Fig. B-2 FVS812 Aluminum Alloy Rivets - Assy (Dwg. TGP-1105) 
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Fig. B-3 FVS812 Aluminum Alloy Riveted Panel - End Potting (Dwg - TGP-1105) 




Fig. B-4 FVS 812 Aluminum Alloy Riveted Panel- Strain Gages 
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-11 SKIN 



Fig. B-5 FVS812 Aluminum Alloy Spot-Welded Panel-Assy (Dwg. TGP-1106) 
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ALL DIMENSIONS ARE IN INCHES. 


MATERIAL 

ROLL 

DIRECTION 

8. 

1 

>0 






-13 STIFFENER 
MATL 0.062 THICK 2024-T6 
4 REQ'D PER ASSY 


Fig. B-6 2024 AluminumAlloy Riveted -Details (DwgTGP-1 104) 
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